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Reactivity controlled compression ignition (RCCI) engines are attractive 
due to its high efficiency and low NOx and soot emissions over a wide range of 
operating conditions. Most of the past studies were focused on the gasoline and 
diesel fueled RCCI engines.  
In the first part of this dissertation, a renewable fuel, biodiesel, was used 
to replace diesel, since it has a higher cetane number which would in turn 
provide more reactivity difference with the use of gasoline. To conduct the 
numerical investigation on the gasoline and biodiesel fueled RCCI combustion, 
a multi-component reaction mechanism was developed and validated against 
experimental data under various conditions. 
After the development of reaction mechanism, numerical studies can be 
carried out. The advantages of RCCI combustion intrigued the study on the role 
of reactivity gradient in the cylinder. Thus, conventional RCCI combustion 
(with reactivity gradient in the cylinder) was compared with the other three 
hypothetical cases (dual-fuel mode without reactivity gradient, blend-fuel 
modes with two different injection timings), all of which eliminated the 
reactivity gradient. The comparison results show that reactivity gradient could 
retard the ignition timing, reduce heat release rate, and lower peak pressure rise 
rate, consequently reducing NOx and soot emissions. 
 X 
 
After realizing the importance of reactivity gradient, biodiesel is used to 
replace diesel to increase the gradient. The effects of fuel ratio and start of 
injection (SOI) timing were firstly investigated. It is found that with advanced 
SOI timing, the combustion is reactivity-controlled. Under the reactivity-
controlled condition, with more premixed gasoline, the combustion tends to be 
more homogeneous, thereby leading to lower NOx and soot emissions. Then, 
the piston bowl geometry was also taken into account. Three types of piston 
bowl geometries, namely HCC (Hemispherical Combustion Chamber), SCC 
(Shallow depth Combustion Chamber) and OCC (Omega Combustion Chamber) 
were compared, where OCC is the original design in the tested compression 
ignition engine. The result shows that SCC is more suitable for RCCI 
combustion; in contrast, the original shape OCC can achieve better performance 
for mixing-controlled combustion. 
In the second part of this dissertation, a systematic approach is applied to 
optimize the operating condition of an RCCI engine. The natural gas and diesel 
fueled RCCI engine was chosen as an example to illustrate the optimization 
process. This systematic approach involves fractional factorial design, φ-T map 
analysis and full factorial design. At first, six parameters (1st SOI timing, 1st 
injection duration, 2nd SOI timing, 2nd injection duration, split injection 
fraction, natural gas fraction) were selected and studied via fractional factorial 
design because they can affect the formation of reactivity distribution in the 
 XI 
 
cylinder. Subsequently, four parameters (1st SOI timing, 2nd SOI timing, 2nd 
injection duration, natural gas fraction) were screened out due to their 
significant effect on engine performance and emissions (CO, NOx and soot). 
Then, those four parameters together with EGR were analyzed by the φ-T map 
technique and were further screened. Natural gas fraction and EGR rate were 
consequently chosen because they can have substantial influence on the 
distribution of φ-T conditions. The last stage of the optimization was to conduct 
a full factorial design on the natural gas fraction and EGR rate, thereby finding 
the optimal operating condition. In addition, due to the finding in the first part 
that SCC is more suitable for RCCI combustion compared to OCC (original 
shape in this optimization study), SCC was then used to substitute OCC; 
consequently the optimal condition with high efficiency and low emissions for 
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Chapter 1 Introduction 
1.1 Background and motivation 
1.1.1 Energy crisis and environmental issues 
All the researchers in ICEs (internal combustion engines) area are 
confronted with two major issues, namely energy shortage and air pollution. To 
save fossil oil, the efficiency should be further improved. In addition, some 
researchers have focused on the production of alternatives fuels for ICEs [1]. 
For air pollutions, governments have taken legislative actions to protect the 
environment [2]. The regulations on vehicle emissions are getting more and 
more stringent. For example, the restriction on NOx was tightened from 0.5 
g/km (Euro III, 2000) to 0.18 g/km (Euro V, 2011) for passenger cars equipped 
with a diesel engine [3]. 
To reduce emissions, some after-treatment methods have been used on 
vehicles; however, they also reduce the fuel efficiency of the engine. Therefore, 
the best way is to reduce emissions from the source [4]. It is thus necessary to 
find a high efficiency and low emissions combustion regime. 
The gasoline and diesel engines are commonly used for on-road vehicles 
[5]. It is known that gasoline engines can achieve lower NOx and soot emissions 
compared to diesel engines. The high NOx and soot emissions of diesel engines 
are due to the diffusion combustion [6]. Despite the high emissions, diesel 
engines could provide higher thermal efficiency than gasoline engines because 
of the higher compression ratio [5]. Thus, much effort has been devoted into 
combining the advantages of both gasoline engines and diesel engines, so that 
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the high efficiency and low NOx and soot emissions combustion can be realized. 
1.1.2 RCCI engines 
RCCI (Reactivity controlled compression ignition) belongs to the high 
efficiency and low emissions combustion regime. This concept was proposed 
by Kokjohn et al. [7] in 2009 based on the dual-fuel HCCI (homogeneous charge 
compression ignition) and PCCI (premixed charge compression ignition) 
combustion. 
Before the proposal of RCCI, HCCI and PCCI had been studied for 
decades [8]. A lot of studies show that HCCI and PCCI could lead to high 
efficiency and low emissions [9, 10]. However, these two combustion regimes 
are difficult to realize at high load conditions, because the heat release rate 
(HRR) is controlled by chemical kinetics which could lead to an unacceptable 
noise and PRR (pressure rise rate) [11]. In contrast, RCCI overcomes the 
drawbacks of HCCI and PCCI. It could control combustion phasing by changing 
the percentages of low and high reactivity fuels at various load conditions, 
subsequently extending operating loads. In the following section, a selective 
review on the studies of RCCI engines will be given to address the necessity of 
research on RCCI. 
1.1.2.1 Advances of RCCI 
As mentioned, the major obstacle for the application of HCCI and PCCI is 
the chemical kinetic controlled HRR. To overcome the obstacle, the RCCI 
strategy has shown its superiority. The first prototype of RCCI was named dual-
fuel stratified premixed compression ignition by Inagaki et al. in 2006 [12]. 
They found that a moderate HRR was realized by generating a spatial 
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stratification of reactivity even without EGR (exhaust gas recirculation). Later, 
Bessonette et al. suggested that the best fuel for HCCI combustion may have 
the reactivity between gasoline and diesel [13]. Based on previous findings, 
Kokjohn et al. [7] studied dual-fuel HCCI and PCCI combustion to see the 
possibility of controlling HRR by the reactivity difference between two fuels 
with the combination of EGR. Under both operating conditions, gasoline and 
diesel were injected through the intake manifold and DI (direct injector), 
respectively. Both by experiments and modelling, they concluded that wisely 
adjusting in-cylinder fuel reactivity could achieve optimum efficiency at certain 
operating conditions. Subsequently, the dual-fuel PCCI was referred to as RCCI 
combustion mode. As the name implies, reactivity formation is a crucial process 
in such combustion mode. Kokjohn et al. [4] demonstrated that the operation 
condition of the modified RCCI engine fueled with gasoline and diesel could be 
extended to high load, thus avoiding the shortcomings of HCCI mode. 
Meanwhile, the NOx and soot emissions could satisfy the regulations without 
aftertreatment equipment. In addition, gasoline and diesel were also utilized in 
a multi-cylinder light-duty engine and a steady-state combustion process was 
observed [14]. From the review, RCCI strategy shows its superiority in 
extending operating loads and reducing NOx and soot emissions. However, the 
studies on RCCI is still at preliminary stage, thus more investigations on RCCI 
are required. 
1.1.2.2 Challenges faced by RCCI 
To form the reactivity gradient in the cylinder, fuel with low CN (cetane 
number), such as gasoline, is injected from the port; whereas the fuel with high 
CN, such as diesel, is injected into the cylinder through an injector [4]. It could 
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be inferred that some controllable parameters in an RCCI engine would have a 
significant impact on the formation of the reactivity gradient. Therefore, wisely 
choosing the combinations of various parameters is crucial to achieve high 
efficiency and low emissions. The changeable parameters are: (1) Fuel types 
with low or high reactivity; (2) Percentages of low and high reactivity fuels; (3) 
SOI (start of injection) timings; (4) Number of injection pulses; (5) Split fraction 
of the injected fuel with multi-pulses strategy; (6) Piston bowl geometry, etc. 
In the conducted researches on RCCI, gasoline [14-18], NG (natural gas) 
[19], methanol [20, 21], ethanol [22-24] were served as LRFs (low reactivity 
fuels); whereas diesel [4, 7, 12-24] was the HRF (high reactivity fuel) in most 
of the cases. Considering the oil shortage and the independence on oil, biodiesel 
is treated as a promising substitute in diesel engines [25, 26]. However, it has 
not been extensively tested in RCCI engines. Thus, there is a need to gain 
knowledge on RCCI combustion with biodiesel as the HRF. To conduct the 
modelling study on gasoline and biodiesel fueled RCCI combustion, a suitable 
reaction mechanism is essential. However, there is no reported 
gasoline/biodiesel mechanism for RCCI modelling. 
Some researchers conducted investigations on the effects of fuel 
percentages, SOI timings, pulse injections individually [7, 20, 27]. It is found 
that aforementioned studies on quantitative parameters were based on the “one 
factor at a time” approach. However, the study via “one factor at a time” could 
not detect the optimal condition. To optimize the operating condition of an 
RCCI engine, an efficient and less-cost approach needs to be developed. 
Overall, three major gaps are found. First, biodiesel has not been employed 
in RCCI combustion. Second, the multi-component reaction mechanism that 
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includes gasoline and biodiesel has not been developed and utilized for 
modelling study. Third, an efficient and less-cost systematic approach has not 
been proposed for the optimization of RCCI engines. 
1.2 Objectives 
The major objective of this study was to investigate the performance and 
the emissions formation in RCCI engines fueled with biodiesel as the HRF and 
gasoline as the LRF. To conduct modelling on biodiesel injected RCCI 
combustion, multi-component chemical reaction mechanisms was developed 
for the combined oxidation of various pairs of fuels, i.e., gasoline/diesel and 
gasoline/biodiesel. Then, modelling studies on RCCI combustion fueled by 
different pairs of fuels were conducted. 
The second objective was to establish a systematic way to optimize RCCI 
combustion by considering various parameters, such as fuel percentage, SOI 
timing etc. To optimize RCCI combustion, the vital parameters were firstly 
identified by fractional factorial design, which is one of the techniques in DOEs 
(design of experiments). At the same time, the interactions between parameters 
were detected. Later, a modelling technique, i.e., dynamic φ-T map, was applied 
to the vital parameters to identify the combustion regime of an RCCI engine. 
Meanwhile, the most two significant parameters were specified for the next 
stage optimization. At last, full factorial design on the identified two significant 
parameters was used to obtain the optimized operating conditions. 
Finally, the developed multi-component reaction mechanism could be 
widely applied to any types of dual-fuel combustion, not only restricted to RCCI 
combustion. In addition, the proposed systematic way to optimize an RCCI 
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engine could be applied to any other types of dual-fuel engines. 
To utilize RCCI engines in real application, the stability of cycle to cycle 
transition needs to be resolved [28, 29]. However, the cycle-to-cycle 
controllability of RCCI engines is out of the scope of this study. This study 
focuses on the combustion and emissions formation of a single cycle in RCCI 
engines. 
1.3 Outline of the thesis 
This thesis consists of nine chapters. Chapter 1 introduces the necessity for 
the study of RCCI engines. The selective review on the up-to-date research 
discloses the research gaps in this area. The objectives of this study are given. 
Chapter 2 gives a detailed literature review on the RCCI engines related 
research. Chapter 3 describes the modelling methodology and experimental 
setup used in this study. Chapter 4 gives the development of the multi-
component reaction mechanism. Chapter 5 investigates the role of reactivity in 
RCCI combustion. Chapter 6 and Chapter 7 discuss the effects of fuel 
percentage, SOI timing and bowl geometry on the gasoline and biodiesel fueled 
RCCI combustion. Chapter 8 presents the systematic approach of optimizing 
the operating condition of RCCI engines. This proposed approach involves both 
statistical and combustion related techniques. Finally, Chapter 9 summarizes the 




Chapter 2 Literature review 
2.1  Fundamentals of RCCI combustion 
2.1.1  Concept of RCCI 
By definition, RCCI is a dual fuel engine combustion technology that uses 
at least two fuels of different reactivity to realize in-cylinder fuel blending, and 
adopts multiple injection strategy and appropriate EGR rate to control the in-
cylinder reactivity to optimize the combustion phasing, duration and magnitude, 
thus leading to high thermal efficiency and low NOx and soot emissions [30]. 
Figure 2.1 is a schematic for RCCI combustion. There is a PFI (port fuel injector) 
in the intake manifold. The LRF, gasoline, is injected through PFI and premixed 
with air in the cylinder during the intake stroke. The HRF diesel is injected 
through the DI into the cylinder with a single, double or triple injection strategy 
during compression stroke. The early injected HRF targets the squish region 
whereas the relatively late injected HRF plays an ignition source role. Then 
RCCI combustion happens [31].  
 
Figure 2.1 Schematic on RCCI engine [31] 
 
RCCI combustion is capable of operating over a wide range of engine loads 
(4.6 to 14.6 bar) with near zero levels of NOx and soot (meet regulation targets), 
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acceptable PRR and ringing intensity, and very high indicated efficiency [4, 32]. 
Kokjohn et al. [4] compared RCCI to CDC (conventional diesel combustion) in 
a single-cylinder engine, it was found that RCCI can significant reduce NOx and 
soot emissions, and increase the gross indicated efficiency by about 16.4%. 
Furthermore, RCCI was tested by Curran et al. [14] on a four-cylinder light 
diesel engine, and compared to CDC. The brake thermal efficiency of RCCI can 
reach 39% for the operating condition with engine speed at 2600 rpm and BMEP 
at 6.9 bar, which was improved by 7% compared to CDC. Meanwhile, the NOx 
was reduced and UHC and CO were increased. The improvement in efficiency 
and fuel consumption is due to the reduced heat losses, which is about 10% 
difference compared to CDC [4, 32]. Yang et al. [18] also compared RCCI with 
BFM (blend fuel mode). The results showed that the oxidation effect of OH 
radical derived from the low temperature reaction of diesel fuel determines the 
heat release process. Compared to the blend mode, the staged combustion from 
diesel to gasoline can mitigate PPRR (peak pressure rise rate); meanwhile, 
lower levels of NOx and soot from RCCI were generated. 
2.1.2 Combustion process 
The reactivity in RCCI combustion mode can be characterized into two 
types: global reactivity and reactivity stratification [33]. The global reactivity is 
purely determined by the amount of each fuel and the reactivity indices of fuels 
(i.e., CN and ON (octane number)). The reactivity stratification is more 
unpredictable and is associated with the spray penetration and the entrainment 
of direct-injected fuel with mixture. Thus, there is a necessity to investigate the 
role of reactivity stratification. 
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For RCCI combustion, the ignition of fuel starts with direct-injected fuel 
due to its high reactivity (high CN), then towards to the locations with low 
reactivity (high ON) fuel [7, 34, 35]. However, the direction of flame 
propagation would be much dependent on the engine type, injection timing, 
injector spray angle etc. Some studies showed that the combustion started from 
the location near cylinder liner and then moved towards the cylinder centerline 
[34, 36, 37]. In contrast, some results showed that the first ignition happened in 
the piston bowl [20, 38]. 
The heat release process of RCCI combustion consists of two sub-
processes, as shown in Figure 2.2. The first is called LTHR (low temperature 
heat release); the second is called HTHR (high temperature heat release).The 
peak of LTHR is mainly governed by the HRF with NTC (negative temperature 
coefficient). The HTHR is then much relied on the premixed fuel, i.e., LRF in 
RCCI combustion. 
 
Figure 2.2 HRR adapted from Ref. [12] 
 
For example, in the ethanol/n-heptane fueled RCCI engine, with increase 
in ethanol amount, accompanied by the decrease in n-heptane, the LTHR is 
extended over a longer period of time and its peak is lowered [24]. Similar 
findings were also observed from the study conducted by Hanson et al. [27], 
where gasoline/diesel fuel combination was used. By increasing gasoline 
percentage, the peak of LTHR was decreased and that of HTHR was increased. 
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2.2 Fuel management in RCCI engines 
Fuel management is a popular topic in RCCI engines, since the fuel 
reactivity stratification has crucial impact on combustion characteristics. 
Various types of fuels and different combinations of low/high reactivity fuels 
have been explored by researchers over the years. The fueling strategy in RCCI 
combustion can be divided into two categories: two-fuel strategy and single-
fuel strategy. Two-fuel strategy means two types of fuel are used to create the 
reactivity difference. Thus, this strategy requires two fuel tanks on RCCI 
oriented vehicles. To save space on RCCI oriented vehicles, single-fuel strategy 
is considered by adding some additives to alter the reactivity of the fuel, 
consequently creating a reactivity difference compared to the original fuel. In 
this section, a review on fuel management is given to exhibit the promising fuels 
in RCCI engines. Also, the use of two fueling strategies is discussed. 
2.2.1 Two fuels strategy 
2.2.1.1 Low reactivity fuel 
As presented in the introduction section, the petroleum based fuels: 
gasoline and diesel, are the initial options in the RCCI engine [7]. Subsequently, 
many studies on RCCI combustion were focused on gasoline/diesel fuel 
combination [4, 27, 35, 39-41]. Except for the gasoline, NG has received much 
attention in the application of RCCI engines where diesel was used as HRF [19, 
33, 42-45]. Alcoholic fuels, such as methanol [20, 21, 46, 47], ethanol [22, 48, 
49] were also tested in RCCI engines. Aforementioned studies all adopted diesel 
as the HRF, that is to say only LRF was changed. Table 1 lists the properties of 
fuels that have been chosen as LRFs in RCCI engines. It should be noted that 
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the fuel properties would be slightly different due to the stock variations. To 
illustrate the major difference between those fuels, the data was taken from Ref. 







  (2.1) 
where RON  is research octane number of a fuel. 
Table 2.1 Fuel properties of LRFs in RCCI engines [50] 
Property Gasoline NG Methanol Ethanol 
Chemical Formula C8H15 CH4 CH3OH C2H5OH 
Molecular weight (g/mol) 111 16 32 46 
Heat of vaporization (kJ/kg) 307 509 1147 873 
Higher heating value (MJ/kg) 47.3 55.26 22.54 29.71 
Lower heating value (MJ/kg) 43 49.77 20.05 26.95 
Stoichiometric air/fuel ratio 14.6 17.2 6.5 9 
Research Octane Number 92-99 120 92 89 
Motor octane number 80-91 120 106 107 
Cetane number 14.5-20 0 7 6.5 
 
Gasoline is petroleum based fuel, which is prevalent now in the market. 
Thus, one of the advantages to use gasoline as the LRF is that this kind of dual-
fuel engine can be utilized over a wider geographic area once it is reliable to 
install on a vehicle. Therefore, some studies on RCCI combustion still focuse 
on the use of gasoline as the potential fuel. But, petroleum based fuel faces the 
energy shortage issue; nonetheless, gasoline contains aromatics which is in 
favor of soot formation. 
NG is a fossil fuel, which is also non-renewable resources, like gasoline. 
NG is a mixture consisting primarily of methane; other components include 
ethane, propane, nitrogen and carbon dioxide etc [42]. However, in contrast to 
gasoline, NG is free of aromatics. Thus, it can suppress soot formation [43]. In 
addition, many countries are building NG fueling station and advocating NG 
cars. The market price of NG is lower compared to gasoline [44]. In terms of 
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fuel properties, the ON of NG is higher than gasoline, which is suitable for high 
CR (compression ratio) engine; moreover, when using same HRF, NG can 
consequently provide a larger reactivity difference in the cylinder of RCCI 
engines. The lower heating value of NG is also higher compared to gasoline. 
Finally, all above mentioned characteristics of NG make itself a promising 
alternative to conventional fuel. Jia et al. [43] tested NG/diesel fueled RCCI 
combustion. Ryan et al. used methane to represent NG in both experimental and 
numerical research [44]. It was found that methane/diesel combination in the 
RCCI engine can extend operating loads compared to gasoline/diesel strategy 
[44]. However, the higher adiabatic flame temperature of NG also results in 
higher heat losses; so the gross efficiency may be lower than those fueled with 
gasoline/diesel [19]. 
Alcoholic fuels, such as methanol, ethanol and iso-butanol [51], are also 
considered as substitutes to gasoline. As observed from Table 2.1, alcoholic 
fuels are also characterized with high ON; thus, they are suitable for CI engine 
to mitigate knock, and meanwhile create larger reactivity gradient. Another 
characterization of alcoholic fuels is the higher heat of vaporization compared 
to gasoline and NG. This capability of heat absorption during evaporation can 
bring cooling effect and consequently decrease the temperature of charged 
mixture. The decrease in temperature can potentially reduce NOx formation. 
Moreover, alcoholic fuels are borne with oxygen and also free of aromatics. 
These are deemed to be beneficial for soot reduction. But, the lower heating 
values of alcoholic fuels are nearly half of the gasoline and NG. This low energy 
density results in an increased fuel consumption when the same energy is input 
into the engine [48]. However, around the world, only the United States and 
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Brazil are positively advocating the production and usage of ethanol in engines, 
which may restrict the widely application of RCCI engines. Dempsey et al. [52] 
compared RCCI combustion fueled with two combinations: methanol/diesel 
and gasoline/diesel. They found that the use of methanol can extend the engine 
load up to 12 bar IMEP without EGR; in contrast to gasoline/diesel combination, 
EGR is needed when the load exceeds 7 bar IMEP. Benajes et al. [53] tested 
various types of LRFs (blending fuels of gasoline and ethanol with different 
fractions) in a single-cylinder RCCI engine from low to high loads. They found 
that lower premixed ratio of E85 (85% of ethanol in volume) is required to 
obtain a stable combustion.  
Overall, NG, methanol and ethanol, compared to gasoline, can create larger 
reactivity gradient with the same HRF. Among the three alternative fuels, 
methanol and ethanol can further provide cooling effect and oxygen content to 
benefit the reduction of CO, NOx, soot and UHC emissions, though energy 
density of alcoholic fuel is lower which will lead to higher volume of fuel 
consumption. Finally, it was found that the replacement of NG and alcoholic 
fuels to gasoline can extend operating load [44, 52, 54]. 
2.2.2 High reactivity fuel 
The commonly used HRFs are diesel [36, 42, 43, 48, 55] which is a 
petroleum based fuel, i.e., non-renewable fuel. This drives the recent 
exploration of biodiesel application in CI engines [1, 25, 26, 56-61]. Biodiesel 
usually refers to fatty acid methyl or ethyl esters made from vegetable oils or 
animal fats and the properties are suitable to be used in diesel engines [58]. 
Biodiesel can be produced from a wide range of feedstock, such as non-edible 
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vegetable oils [62], waste cooking oil [26, 63] and animal fats [64] etc. Thus, 
the properties of each kind of biodiesel are highly dependent on the origin and 
quality of biodiesel [58]. Biodiesel has been tested in various types of engines 
under wide operating conditions around the world. Increased NOx emissions 
were usually observed in biodiesel fueled diesel engine due to the contained 
oxygen [65, 66].  
Some studies were conducted in dual-fuel engine with biodiesel as the 
direct-injected fuel [54, 67, 68]. Mohsin et al. [69] proved biodiesel can be used 
in the dual-fuel system without further requirement on engine modifications. 
Hanson et al. compared the RCCI multi-cylinder engine fueled by 
gasoline/ULSD (ultra-low sulfur diesel) and gasoline/biodiesel [54]. The 
biodiesel used in this study was 100% soy methyl ester blended with 20% ULSD 
by volume. The results showed that comparing gasoline/biodiesel combination 
to gasoline/ULSD, NOx and HC were decreased, CO was increased under the 
selected three operating points. Gharehghani et al. [70] found that the use of 
biodiesel as the HRF can provide more stability to the cycle-to-cycle transitions 
in the tested NG/biodiesel fueled RCCI engine. This is because the biodiesel 
characterizes a high CN and is an oxygen-borne fuel. In addition, NG/biodiesel 
combination provided 1.6% more gross thermal efficiency compared to 
NG/diesel. DME (Dimethyl ether), with a CN about 55~60, was also considered 
in dual-fuel engine application as HRF [71]. It was found that gasoline/DME 
dual-fuel combustion achieved a significant reduction in NOx emissions 
compared to conventional DME combustion in the diesel engine. 
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2.2.3 Single fuel strategy with additives 
The purpose of using additives in RCCI combustion is to use single fuel 
tank on a vehicle. The single fuel strategy in RCCI combustion adopts LRF. 
Figure 2.3 demonstrates the single fuel injection strategy [72]. To create 
reactivity gradient, some cetane improvers were used to mix within LRF and 
then directly injected into the cylinder, playing the role of HRF. So far, two 
cetane improvers, namely 2-EHN (2-ethylhexyl nitrate) [72-76] and DTBP (di-
tertiary butyl peroxide) [51, 73, 77, 78], have been tested in RCCI combustion 
with single fuel strategy. Table 2.2 lists the properties of the two cetane 
improvers. The single fuels adopted so far include gasoline, ethanol, methanol, 
iso-butanol [51, 73, 75, 78]. 
Table 2.2 Properties of 2-EHN and DTBP 











air fuel ratio in 
mass 
8.46 10.85 
Liquid density at 
25 ºC (g/cm3) 
0.963 0.796 
 
Hanson et al. [72] operated heavy-duty RCCI engine at low load conditions: 
2 and 4.5 bar gross IMEP, at engine speeds between 800 and 1700 rpm. In the 
study, gasoline always served as LRF; whereas the HRFs were diesel and 
gasoline doped with 3.5% of 2-EHN by volume. A faster high temperature 
reaction was observed for single fuel strategy compared to dual-fuel strategy. In 
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addition, the measured PM and NOx could meet the emissions standards. 
 
Figure 2.3 Single fuel injection strategy [72] 
 
Splitter et al. [76] also found that the combustion became more abrupt 
while using single fuel strategy. Dempsey et al. [74] tested gasoline/diesel, 
gasoline/gasoline+2-EHN with three selected volume percentage: 2.5%, 5.0% 
and 10%, of which the CN are 25.4, 33.0 and 62.6, respectively, in a multi-
cylinder RCCI engine. It was found that the controllability of combustion 
phasing (CA50) by single fuel strategy is less than that of gasoline/diesel RCCI 
combustion due to the higher volatility of the mixture of gasoline and 2-EHN, 
which formed a less stratified in-cylinder reactivity gradient compared to that 
using diesel. Subsequently, the heat release curve of LTHR was also affected 
by the evaporative cooling process of gasoline+2-EHN [74]. Moreover, the NOx 
emissions were increased with the mixture of gasoline and 2-EHN due to the 
nitrate group in 2-EHN, as shown in Table 2.2. But the increased NOx were 
mainly attributed to the increased NO2, instead of NO. Kaddatz et al. [75] used 
E10 (i.e., 10% ethanol in gasoline) as the LRF and E10 mixed with 3% 2-EHN 
as the HRF in the RCCI engine. Slightly increased NOx emissions were 




Splitter et al. [77] firstly used DTBP as a cetane improver to demonstrate 
the single fuel strategy in a heavy-duty RCCI engine. Experiments were 
conducted at the load of 6 and 9 bar IMEP. Results showed that single fuel 
strategy by using a relatively small amount of DTBP can achieve comparable 
thermal efficiency and emissions compared to dual fuel strategy with gasoline 
and diesel. Wang et al. [79] developed a reaction mechanism for studying the 
effects of DTBP additive on the reactivity of methanol and ethanol. Then, they 
extended the mechanism by including a reduced iso-butanol sub-mechanism 
[51]. By conducting both experiments and simulation, it was found that the 
reactivity of the mixture of iso-butanol and DTBP for direct injection was still 
low; thus, a larger direct injection ratio was needed for ignition. Finally, the 
engine performance brought by iso-butanol/isobutanol+DTBP combination was 
comparable to gasoline/diesel and iso-butanol/diesel fuels. Dempsey et al. [73] 
used both 2-EHN and DTBP to improve the reactivity of gasoline, methanol and 
ethanol. Comparing these two cetane improvers, 2-EHN was more effective 
than DTBP in the sense of increasing the fuel reactivity; however, higher NOx 
was observed with 2-EHN compared to DTBP. 
2.3 Engine management in RCCI engines 
Many aspects can be involved regarding engine management. In this 
section, fuel ratio, injection related parameters, EGR rate, CR, and bowl 
geometry were taken into consideration. Moreover, the utilization of two 
injectors in RCCI engine was also discussed. 
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2.3.1 Fuel ratio 
Fuel ratio means the ratio of low to high reactivity fuels in mass, energy or 
volume etc. It is one of the parameters that can affect the in-cylinder reactivity 
[33]. The reactivity of a fuel can be quantified as CN. To calculate CN in the 
cylinder, Eq. (2.2) is commonly used. 
 












where lowCN  and highCN  are the cetane numbers of low and high reactivity 
fuels, low  and high  are the mole fractions of low and high reactivity fuels. 
By varying the fuel ratio, the reactivity in the cylinder will be varied and 
subsequently the ignition delay will be affected. Normally, the ignition delay 
time will be increased with the increase of the ratio of LRF. However, it should 
be noted that the ignition delay can also be associated with the engine 
specification and operating conditions. 
Table 2.3 lists the studies on the effect of LRF ratio on engine performance 
and emissions formation. As can be seen, in RCCI engines, the LRF ratio can 
be up to 90%. Most of the studies show that CA50 is retarded with the increase 
of LRF ratio. This is because the blending of LRF could increase the ignition 
delay, and subsequently retarding CA50. However, there had been different 
reported observations: with increased LRF ratio, some studies [20, 27] found 
improved engine performance, whereas others [71, 80] found performance 
degradation. This opposite observation can be attributed to the different engine 
specifications, SOI timings, and the properties of fuels. The effect of LRF ratio 
on NOx emissions is favorable. By increasing LRF ratio, NOx emissions can be 
 19 
 
reduced due to the LTC (low temperature combustion) as indicated from the 
eased PPRR. However, it should be noted that there is one exception as shown 
in Table 2.3. Increased NOx emission was measured by Desantes et al. [81]. This 
is because during the experiment, in order to maintain a constant CA50, the 
EGR rate was decreased while increasing LRF ratio. The increased NOx was 
due to the decreased EGR. Though increase in NOx was observed, it was still 
below EURO VI regulation. For soot emissions, except Ref. [27], descent trend 
can be found by increasing LRF ratio. The decreased soot emissions are mainly 
attributed to the combustion process of direct-injected HRF transiting from the 
diffusion-controlled to the premixed-controlled. Meanwhile, by increasing LRF 
ratio, the quantity of HRF will decrease, thus less soot emissions will be 
generated.  
Another interesting finding has been reported by Yu et al. [82]. In the study, 
they identified three different combustion modes of HCII (homogeneous charge 
induced ignition), which can be categorized into RCCI by changing the gasoline 
amount while maintaining same diesel amount. The three modes are SSC (slow 
single-stage combustion), TSC (two-stage combustion) and FSC (fast single-
stage combustion). The mode is identified by observing the shape of HRR, as 
shown in Figure 2.4. The results suggest TSC shows superiority at high load 













Load LRF ratios SOI EGR 
Perform
ance 
CA50 PPRR NOx Soot UHC CO 
Hanson et al. 
[27] 
Gasoline/Diesel 9 bar 82, 86, 89%   ↑ → ↓ ↓ ↑ ↑ ↑ 
Kokjohn et 
al. [7] 
Gasoline/Diesel 11 bar 78, 82, 85% −67°   → ↓ ↓ ↓ ↑ ↑ 
Ma et al. 
[17] 
Gasoline/Diesel 9.3 bar 68% to 84%  42.5%   ↓ ↓ ↓ ↑ ↑ 
Benajes et 
al. [41] 
Gasoline/Diesel  0% to 90%  45%    ↓ ↓ ↑ ↑ 
Desantes et 
al. [81] 





4.0 bar 55% to 70% −46° 0%  → ↓     
Cha et al. 
[71] 
Gasoline/DME  0% to 78%   ↓   ↓ − ↑ ↑ 
Paykani et 
al. [83] 
NG/diesel 9.0 bar 50% to 85% −87.3° 0% ↑ → ↓ ↓ ↓ ↑ ↑ 
Li et al. [20] Methanol/Diesel  0% to 80% −27° 50% ↑   ↓ ↓↑ ↓↑ ↓ 
Liu et al. 
[80] 
N-butanol/Biodiesel  80, 85, 90%  35% ↓ → ↓ ↓ ↓ ↑ ↑ 
Li et al. [84] Gasoline/Biodiesel 3 bar 0% to 80% −35° 0%  → ↑ ↓ ↓   
Zhou et al. 
[68] 
Methanol/Biodiesel 
low 0% to 80%  0% ↓  ↓ ↓ ↓  ↑ 
medium 0% to 80%  0% ↑  ↓ ↓ ↓  ↑ 
high 0% to 80%  0% ↑  ↑ ↑↓ ↓  ↑↓ 
↑ increase; ↓ decrease; − flat; → retard; ← advance 
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2.3.2 Injection strategy 
Injection strategy is an important part among many factors in enhancing 
the performance of RCCI engines. The injection strategy can be referred to the 
injection process of HRF. There are many controllable parameters regarding to 
the injection strategy. For example, the HRF can be injected into the cylinder 
by using single, double and triple pulses. In addition, the fraction of HRF in 
each pulse can be varied. The SOI timing for each pulse is also needed to be 
adjusted and then get the optimal values. Besides aforementioned parameters, 
Walker et al. [85] tested the feasibility of using low-pressure fueling strategy, 
i.e., to install GDI (gasoline direct injector) to replace CRI (common rail injector) 
for the purpose of saving cost [85]. However, the use of GDI with stock CDC 
piston cannot reach the expectation on the mixing process. After replacing CDC 
piston with RCCI piston, the use GDI can achieve comparable performance and 
emissions as that with CRI under both medium and high loads. 
2.3.2.1 Number of pulses 
The number of pulses in the injection strategy can affect the HRF 
distribution, and subsequently shape the reactivity distribution in the cylinder. 
Single, double and triple pulses have been investigated by many researchers. 
Splitter et al. [86] compared single and double injection with the sweep of SOI 
timing in a iso-octane and n-heptane fueled RCCI engine with IMEP of 4.75 
bar. For double injection, a fixed dwell of 25° is utilized and 55% of HRF is 
injected in the first pulse. Figure 2.5 shows the HRR traces at selected SOI 
timings. With SOI timing of -35° CA ATDC, double injection has a higher peak 
heat release value. This is because the second pulse of double injection forms 
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steeper in-cylinder reactivity gradient and ER (equivalence ratio) gradient. With 
SOI timing of -50° CA ATDC, a peak heat release value is also observed with 
double injection. Under this injection scenario, the first pulse of injection 
targeted at squish region; the second pulse targeted at bowl region. Thus, this 
resulted in the HTC (high temperature combustion) happening in both bowl and 
squish regions which brought higher peak heat release value. When the SOI 
timing was advanced before -70° CA ATDC, significant wall impingement was 
observed. In terms of emissions, NOx and CO were increased with two pulses 
injection; whereas the levels of PM and UHC emissions were similar between 
single and double pulses injection. 
 
Figure 2.5 Selected experimental HRR history and peak heat release values with 
varied SOI timing [86] 
 
Nieman et al [19] numerically compared single and double injection in a 
NG and diesel fueled RCCI engine with IMEP of 23 bar. The SOI timing is -
81.1°CA ATDC which is an optimal value obtained by MOGA (Multi objective 
genetic algorithm) calculation. They found that double injection generated 
higher level of soot emission while maintain same levels of NOx, CO and UHC 
emissions. Meanwhile, a slightly decreased thermal efficiency was obtained. 
Thus, from the results obtained for Ref. [19] and [86], the effects of single and 
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double injection on the emissions are still unpredictable. 
The engine load can also be affected by the number of pulses in the 
injection strategy. Ma et al. [17] compared three different injection strategies: 
early-single, early-double and late-double injection, in gasoline and diesel 
fueled RCCI engine. During the experiment, the combustion phasing CA50 was 
maintained at 6º ATDC. To extend operating load, late double injection was 
used to achieve IMEP at 13.91 bar and maintain acceptable emissions levels and 
maximum PPRR. Dempsey et al. [52] considered single, double and triple 
injections in RCCI engine fueled with two types of LRF, namely gasoline and 
methanol. In this study, it is found that when the load exceeds 5 bar IMEP, the 
triple injection would result in a significant advanced combustion phasing 
which is undesirable. 
2.3.2.2 Split injection fraction (injection duration) 
Table 2.4 summarized the studies on the effect of split fraction on the 
engine performance and emissions formation. Ma et al. [17] varied the split 
fraction of two different injection strategies: one is with early 2nd SOI timing; 
another is with late 2nd SOI timing. It can be seen from the table, the operating 
conditions (IMEP, 1st and 2nd SOI timings, fraction range) of the case with 
early 2nd SOI timing are very close to those in Ref. [27] reported by Hanson et 
al. Consequently, similar trend on the CA50, PPRR, and emissions were 
observed between Ref. [27] and [17] with the 2nd injection timing of −35° CA 
ATDC, which is with the increased 1st pulse fraction, CA50 was retarded, 
PPRR was decreased, NOx and soot were reduced. In comparison, with late 2nd 
SOI timing (−9° CA ATDC) as shown in Ref. [17] , no significant change was 
seen for CA50 and NOx; moreover, increase in PPRR was observed. 
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Furthermore, comparing UHC and CO emissions, with the increased 1st pulse 
fraction, an increase trend was seen for early SOI timing, and a drop trend was 
found for late SOI timing. The different trends on UHC and CO in Ref. [17] are 
due to the different combustion characteristics resulted from two different 2nd 
SOI timings. When the 2nd pulse of diesel was injected early, the combustion 
is reactivity controlled; in contrast, the combustion with late 2nd SOI timing is 
close to mixing controlled. Also, late 2nd SOI timing plays the ignition role in 
the combustion. When the combustion is reactivity controlled, the incomplete 
combustion (the presence of UHC and CO) results from crevice region; 
comparatively, with the mixing-controlled combustion, the UHC and CO are 
mostly attributed to the diffusion flame, which is similar to the conceptual 
model of CDC [87]. Thus, the increased 1st pulse fraction can cause the 
incomplete combustion; in contrast, it would ease the UHC and CO formation 
due to the diffusion flame. 
Nieman et al. [19] also checked the sensitivity of split injection fraction. 
The numerical results showed the split injection fraction can affect the 
originating region (bowl or squish) of combustion in the cylinder, and 
consequently the PPRR and ringing intensity. But, there is less effect on engine 
performance and emissions. 
From above discussion, it can be concluded that the effect of split injection 
fraction much depends on the SOI timings of each pulse of injection. An early 
2nd SOI timing is recommended to achieve low PPRR and low emissions. 
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CA50 PPRR NOx Soot UHC CO 
1st 2nd 
Hanson et al. 
[27] 
Gasoline/diesel 9 bar 36% to 62% −58° −35°   → ↓ ↓ ↓ − − 
Ma et al. 
[17] 
Gasoline/diesel 9.3 bar 
37.5% to 
62.5% 
−58° −35° 42.5%  → ↓ ↓ ↓ ↑ ↑ 
−48° −9° 42.5%  − ↑ − ↓ ↓ ↓ 
Paykani et 
al. [83] 






−94.6° −33.3° 14% − − ↑ − − ↓ − 




2.3.2.3 Start of injection (SOI) timing 
SOI timing is the most important parameter among many controllable 
variables in the injection strategy since it can determine the combustion 
characteristics. The SOI timing of HRF can affect the mixing process of fuel 
spray with the in-cylinder mixture of air and LRF. This mixing process can 
finally affect the combustion characteristics, which can be reflected from the 
heat release curve. With an early SOI timing, the combustion is prone to be 
reactivity-controlled; with the injection timing of CDC, the combustion process 
is more like the mixing-controlled. For example, in the study of effect of direct 
injection timing using cetane improvers conducted by Dempsey et al. [74], the 
SOI timing was delayed from -30 to -20ºATDC, the combustion turned from 
single-stage into a two-stage event. The second peak of heat release with the 
late SOI timing may be due to the mixing-controlled combustion. Li et al. [21] 
used genetic algorithm to identify the combustion modes associated with varied 
methanol fractions and SOI timings, as shown in Figure 2.6. It can be seen that 
with a near-TDC SOI timing, the combustion process in the cylinder is mixing-
controlled; the process will shift to reactivity-controlled combustion when 
advancing the SOI timing. Splitter et al. [86] swept 1st SOI timing from -145 to 
-15º ATDC, four distinctive stages were identified according to the variant 
shapes of apparent HRR, as shown in Figure 2.5. Above all, the SOI timing is 
vital to determine the history of HRR. 
Kokjohn et al. [37] used the technique of fuel tracer fluorescence and high-
Speed chemiluminescence imaging to detect the fuel distribution before ignition, 
as well as the ignition and combustion processes for the cases with common-
rail SOI timings of −155°,−50°, and −15° CA ATDC. Figure 2.7 compares the 
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HRR of the three selected SOI timings. The peak of HRR either for very early 
SOI timing (−155°) or late SOI timing (−15°) is higher compared to the SOI 
timing of −50° CA ATDC. 
 
Figure 2.6 The combustion modes with different SOIs and methanol fractions [21] 
 
 
Figure 2.7 Heat release traces of different SOI timings [37] 
 
Figure 2.8 shows the images for averaged PRF (primary reference fuel) 
and ER in the cylinder with different injection timings. With very early injection 
timing (−155°), the PRF and ER are almost uniform in the cylinder; moderate 
reactivity gradient and ER were observed for the case with SOI timing of −50° 
CA ATDC. Then, with −15° CA ATDC, significant steep gradients for both 
PRF and ER were shown which indicates the fuel rich condition. Thus, 
considering the heat release results shown in Figure 2.7, it is known that either 
too early or too late injection timing can bring rapid heat release process; only 
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the mid-range injection timings can ease the peak HRR. 
Table 2.5 lists the results of the effects of 1st and 2nd SOI timings on 
engine performance and emissions. It can be seen from Table 2.5 that with the 
retarding of early SOI timing, before −25° CA ATDC, CA50 will be advanced 
[27, 43, 74, 81, 83]. However, when SOI timing is near TDC, the retarding of 
SOI timing will delay CA50 [17, 80, 88]. Liu et al. [80] tested both early SOI 
timing and late SOI timing with three LRF energy ratios, i.e., 80%, 85% and 
90%. The results obtained from different LRF energy ratios are identical, thus 
only the results with 80% of LRF were presented in Table 2.5. Different trends 
on the performance, combustion phasing and emissions are observed between 
the SOI timings of −43° to −35° and −10° to −4°. By retarding early SOI timing, 
the ITE (indicated thermal efficiency) was improved, CA50 was advanced, 
PPRR, NOx and soot were increased, and both UHC and CO were reduced. In 
contrast, by retarding late SOI, the ITE was deteriorated, CA50 was delayed, 
PPRR, NOx and soot were decreased, and both UHC and CO were increased. 
Furthermore, Figure 2.9 shows the in-cylinder pressure and HRR curve under 
early SOI (−30°) and late SOI (−9°) timings. It can be seen that with early SOI, 
the heat release is a single-stage process; whereas for late SOI, two-stage heat 
release process was observed. 
As early SOI timing retards, less time will be available for the air-fuel 
mixing; thus, the mixture with larger reactivity gradient will be formed. 
Subsequently, a local higher ER region (i.e., fuel rich region) exists in the 
cylinder. This higher local ER will advance the ignition timing, hence advancing 
CA50 and increasing PPRR. However, with late SOI timing, the biodiesel will 
ignite directly after the injection due to the high in-cylinder temperature and 
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pressure, and then contribute to the first stage of heat release (Figure 2.9 (b)). 
Thus, the retarding of late SOI will accordingly delay the ignition time and 
CA50. 
 
Figure 2.8 Ensemble-averaged PRF and ER distributions acquired at −5° ATDC 
for cases with injection timings of −145°, −50°, and −15° ATDC [37] 
 
  
(a) Early SOI timing −30° CA ATDC (b) Late SOI timing −9° CA ATDC 
Figure 2.9 In-cylinder pressure and HRR 
 
It could also be found from Table 2.5 that the generation of NOx has a 
positive correlation with PPRR. The increased PPRR can indicate a fast heat 
release process, and subsequently resulting in the high temperature in the 
cylinder. This high temperature will contribute to the formation of NOx. In 
addition, the UHC and CO emissions always show a trade-off relationship with 
NOx emissions. The low NOx indicates a LTC which would not favor the 
oxidation of UHC and CO; thus, high UHC and CO are generated. However, 
the generation of soot emissions shows unpredictable results. Though soot may 
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slightly increase or decrease with the retarding of SOI timing, it was always 
controlled within the regulation standards [17, 27, 81]. 
The very delayed SOI timing reported in the studies of RCCI is at TDC 
[83], as shown in Table 2.5. To further delay the SOI timing after TDC, another 
combustion mode called gasoline MPCI (multiple premixed compression 
ignition) is achieved [89-91]. It was pointed out that MPCI follows the process 














CA50 PPRR NOx Soot UHC CO 
1st 2nd 
Hanson et al. 
[27] 
Gasoline/diesel 9 bar 
−62 to −55° −37°   ← ↑ ↑ − − ↓ 
−58° −48 to −29°   ← ↑ ↑ ↑ − − 
Ma et al. [17] Gasoline/diesel 9.3 bar 
−50° to −8° N.A. 40%  ←;→      
−70° to −40° −9° 42.5%   ↑ ↑ − ↓ ↓ 
−48° −13° to −4° 42.5%   ↓ ↓ − ↑ ↑ 
Benajes et al. 
[41] 
Gasoline/diesel  −30° to −15° N.A. 45%    ↓ ↓ ↑ ↑ 
Desantes et al. 
[81] 
Gasoline/diesel  −60° −50° to −25° 30% ↑↓ ← ↑ ↑ − ↓ ↓ 
Wu and Reitz 
[88] 
Gasoline/diesel 18 bar −60° to 0° N.A. 35% ↑↓ ←;→ ↑↓ ↑↓ ↓↑ ↓↑ ↓↑ 
Paykani et al. 
[83] 
NG/diesel 9 bar 
−100° to −55° −40° 0% ↑ ← ↑ ↑ ↑ ↓ ↓ 
−80° −60° to 0° 0% ↑↓ ←;→ ↑↓ ↑↓ ↑ ↓↑ ↓↑ 
Nieman et al. 
[19] 
NG/diesel 19 bar −90° to −60° N.A. 30% ↓   ↓ − ↑ ↑ 
Jia and Denbratt 
[43] 
NG/diesel 9 bar 
−66.6° to 
−59.4° 
−45° 42% ↓ ← ↑ ↑↓ ↓↑ ↓↑ ↓↑ 
Li et al. [20] Methanol/diesel  −37° to −7° N.A. 50% ↓   ↓ ↑ ↑ ↑↓ 
Fang et al. [49] 
Hydrous 
ethanol/diesel 
4.3 −60° −34° to −28° 0 ↑↓   ↑ − ↓↑ ↓↑ 
6.1 −60° −32° to −20° 0 ↑↓   ↑ − ↓↑ ↓↑ 
7.7 −60° −26° to −18° 0 ↑↓   ↑ − − − 
8.6 −60° −24° to −14° 29% ↑↓   ↑↓ − − − 




 −43° to −35° N.A. 35% ↑ ← ↑ ↑ ↑ ↓ ↓ 
 −10° to −4° N.A. 35% ↓ → ↓ ↓ ↓ ↑ ↑ 





4.5 bar −70° to −30° N.A. 0%  ← ↑     
Cha et al. [71] Gasoline/DME  −20° to +2° N.A.  ↓   ↓ − ↑ ↑ 
↑ increase; ↓ decrease; − flat; → retard; ← advance 
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2.3.3 EGR rate 
It is interesting that RCCI was proposed after exploring the possibility to 
reduce the usage of EGR in CI engines [7, 12]. However, the optimized RCCI 
operation conditions usually need the assistance of EGR, especially at high load, 
to mitigate the PRR. The EGR rate was determined through the ratio of intake 
CO2 to exhaust CO2 levels. 
Table 2.6 lists the effect of EGR rate on engine performance and emissions 
formation. It can be seen that the PPRR was reduced by increasing EGR rate 
[88, 92]. Moreover, NOx and soot emissions were also reduced [17, 80, 88, 92]. 
This is because the combustion temperature in the cylinder was decreased due 
to the dilution and thermal effects of EGR [93]. The decreased NOx and soot 
can be attributed to the LTC [94]. Most of the studies found that UHC and CO 
emissions were increased with the addition of EGR because of the local fuel 
rich region resulted from the reduced the oxygen concentration in the cylinder 
(referred to as dilution effect) by increasing EGR rate. However, decreased 
UHC was observed under low load condition, which was with a fueling rate of 
12.7 mg per cycle in Ref. [92]. 
Moreover, the influence of temperature on EGR has also been considered 
by researchers [46, 92]. Li et al. [46] numerically evaluated the use of EGR in 
RCCI engine fueled with methanol and diesel at medium loads. It was found 
that the necessity of EGR depends on the initial temperature. When initial 
temperature was below critical value, i.e., 380K, EGR can be unemployed and 
the methanol fraction can be varied to maintain the optimal performance. Yu et 
al. [92] compared the cooled EGR and hot EGR in RCCI combustion.  
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LRF ratios SOI timing EGR Performance CA50 PPRR NOx Soot UHC CO 
Ma et al. 
[17] 
Gasoline/diesel  80% varied 
30% to 
50% 
 − − ↓ ↓ ↑ − 
Yu et al. 
[92] 
Gasoline/diesel 
low 40% N.A. 0% to 40% ↑  ↓ ↓ ↓ ↓  
high 37% N.A. 0% to 40% ↓  ↓ ↓ − ↑  













− → ↓ ↓ − ↑ ↑ 
Liu et al. 
[80] 
n-butanol/biodiesel  85% varied 
35% to 
45% 
↓   ↓ ↓ ↑ ↑ 




It was found that compared to hot EGR, cooled EGR resulted in lower NOx 
emission, but higher soot and UHC. This is because the cooled EGR could 
reduce combustion temperature, which is beneficial to the reduction of NOx, but 
is not in favor of the oxidation of soot and UHC. 
2.3.4 Compression ratio 
The CR is an important structural parameter to affect the engine efficiency. 
Dempsey et al. [95] optimized an RCCI engine with a low CR of 11.7, in order 
to extend operating load. Jia and Denbratt [43] conducted experiments on a 
NG/diesel fueled RCCI engine with two different CRs, i.e., 14 and 17, under 
different engine speeds. It was found that CR can affect the temperature of EGR. 
The EGR temperature at CR 14 was higher compared to that at CR 17 due to 
the slower combustion at CR 14. The thermal efficiency of CR 14 with a speed 
of 1200 rpm was higher than that of CR 17; however, higher thermal efficiency 
was observed at CR 17 when the engine speed was increased to 1800 rpm. 
Considering emissions of CR 14, compared to CR 17, the NOx was reduced, but 
the UHC was increased. Furthermore, authors compared the combustion 
characteristics between CR 14 and CR 17 under different loads. It was 
concluded that CR 14 can achieve longer ignition delay, combustion duration, 
and also lower maximum HRR. Thus, CR 14 was favored at high load because 
of the limitation on PPRR of the engine. 
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Hanson et al. [27] varied the effective CR by changing the IVC (intake 
valve close) timing. In the study, three IVC timings, −143°, −115° and −85° 
ATDC were investigated; meanwhile the combustion phasing was held constant 
by varying the gasoline percentage. The early IVC timing of −143° has the 
highest effective CR of 16. Thus, higher amount of gasoline is needed for IVC 
timing of −143° to maintain the same CA50 as IVC timings of −115° and −85° 
ATDC. The shape of HRR was changed when varying IVC timings, as shown 
in Figure 2.10. With IVC timing of −143°, accompanied by increased gasoline 
and decreased diesel, the peak of LTHR reduced and the peak of HTHR 
increased. 
 
Figure 2.10 Measured heat releases for different IVC timings [27] 
2.3.5 Bowl geometry 
The piston bowl geometry is another structural parameter which can 
effectively affect the air-fuel mixing process and subsequently influence the 
combustion process [32]. The piston designed for conventional diesel engine is 
for mixing-controlled combustion. As for RCCI combustion, majority of the 
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fuel, i.e., LRF, is premixed with air; thus, the development of suitable pistons 
for premixed fuel has been taken into consideration. Also, the surface area can 
affect the heat transfer process during combustion [61, 96]. Splitter et al. [97] 
optimized piston shape for premixed fuel. To reduce the heat transfer, the 
surface to volume ratio was decreased. To improve the combustion efficiency, 
namely to reduce HC and CO, the squish height was reduced. Also, the designed 
piston was tested on a four-cylinder RCCI engine and compared to RCCI and 
CDC with original piston by Hanson et al. [39]. Figure 2.11 demonstrates the 
three tested bowl geometries. Results show that with the newly designed piston 
bowl geometry and an optimized injection strategy, RCCI brake thermal 
efficiency was increased from 37% to 40% at the 2600 rpm, 6.9 bar BMEP 
condition. Meanwhile, NOx and PM emissions were under the regulation limit 
without the need for exhaust after-treatment. 
  
 
Heavy-duty RCCI piston Light-duty RCCI piston Stock piston 
Figure 2.11 The profiles for different pistons [39] 
 
Benajes et al. [98] compared three bowls, namely stock, stepped, and 
bathtub, as shown in Figure 2.12. These pistons were tested with both single 
and double injection strategies at low, medium and high loads. The results 
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showed that at low load, stock piston could promote the ignition of air-fuel 
mixture due to its better performance on mixing process. In addition, all three 
pistons can realize ultra-low NOx and soot emissions regardless of the injection 
strategy. At medium load, stepped piston achieved similar performance and 
emission with stock piston; in contrast, at high load, stepped piston showed a 
better result compared to other two geometries. Finally, it is concluded that 
stepped piston is the most suitable one to be mounted on RCCI engine, 
especially considering the RCCI combustion can be altered to CDC. 
 
Figure 2.12 Stock, stepped and bathtub bowl geometries [98] 
2.3.6 Utilization of two injectors 
Though the gross efficiency, NOx and PM emissions are promising for 
RCCI combustion, relatively high UHC and CO are found due to the premixed 
LRF entering the crevice regions. Considering the principle of RCCI 
combustion is to create reactivity gradient in the cylinder, two injectors can be 
mounted to directly inject both LRF and HRF, subsequently, avoiding premixed 
fuel entering the crevice. Lim and Reitz [16] firstly installed GDI on RCCI 
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engine. Thus, in this study, iso-octane was directly injected into the cylinder 
with a narrow spray angle. Then the n-heptane was injected through the 
common rail system with a wide spray angle. The results showed that with two 
injectors, UHC and CO emissions were reduced by 7.1% and 27.1%, indicating 
improved combustion efficiency. Furthermore, the two-injector strategy can be 
used to extend the load of RCCI engines. Lim and Reitz [99] extend the 
operating condition of the RCCI engine to 21 bar gross IMEP (indicated mean 
effective pressure) by using this dual-direct injection strategy.  
Based on the modes of conventional RCCI and two-injector RCCI, a new 
mode was proposed by Wissink and Reitz [100], which is called DDFS (direct 
dual fuel stratification) combustion. Figure 2.13 demonstrates the installation of 
two injectors on cylinder head [100]. 
The working sequence is as follows: at first, gasoline is injected through 
PFI during intake stroke; then, diesel is directly injected into the cylinder 
 
 
(a) Cross-section of dual direct injector 
(b) Pictures of new injector bore and 
final injector assembly 
Figure 2.13 Illustration on dual direct injector strategy [100] 
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through one of the two injectors; at last, gasoline is injected through the other 
injector at the time when HTHR starts. Hence, the last injected gasoline can 
result in the diffusion-controlled combustion which could extend the 
combustion duration without increasing combustion noise. Consequently, the 
necessity on the use of EGR is reduced [100]. 
2.4 Summary 
In this chapter, a comprehensive review on RCCI related research was 
presented. It consists two major section: one is on fuel management; the other 
is on engine management. In terms of fuel management, the use of alternative 
fuels used as LRF, such as methanol, ethanol and NG etc. was given. As for 
HRF, most of the studies adopted diesel and only a few studies used biodiesel 
as the HRF in dual-fuel CI engine. Regarding the engine management, the 
effects of some changeable parameters, such as fuel ratio, injection related 
parameters (SOI timing, split injection fraction etc.) and compression ratio were 
discussed. The studies on bowl geometry and the adoption of two injectors in 
RCCI engine were further summarized. From the literature review, it can be 
seen that only a few studies on biodiesel acting as the HRF in RCCI combustion 
was conducted. In addition, no reported modelling study is conducted on this 
topic. Thus, in the first part of this dissertation, modelling studies were 




Chapter 3 Methodology 
3.1 Theoretical modelling in RCCI combustion 
Multi-dimensional CFD (computational fluid dynamics) is a popular and 
effective way to study the combustion and emissions characteristics in RCCI 
engines [19, 20]. To model the RCCI combustion in CI engine, KIVA4 [101], 
which was developed at Los Alamos National Laboratory, is used in this thesis. 
It is a FORTRAN program that could compute the transient problems related to 
fuel sprays and combustion in a multi-dimensional geometry. One of the 
improvements of KIVA4 compared to the previous version KIVA-3V is that the 
multi-component fuel model [102] has been built in. Thus it is convenient to 
integrate multi-component reaction mechanism into it. In addition, CHEMKIN 
II [103] has been coupled with KIVA4 to realize detailed chemistry calculations. 
By coupling, the initial species density, pressure and temperature are given from 
KIVA-4 to CHEMKIN II. In turn, CHEMKIN II gives back the calculated 
changes in species density, as well as the amount of heat release. The kinetics 
of mechanism for various pairs of fuels could be replaced as needed based on 
the purpose of individual study. This section is dedicated to introduce the 
models that have been utilized in the coupled KIVA4-CHEMKIN program. 
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3.1.1 Gas phase modelling 
The gas phase solution procedure in KIVA4 based on ALE (arbitrary 
Lagrangian-Eulerian) method, which is a finite volume method. This method is 
employed to solve the governing equations in the computational domain.  
3.1.1.1 Conservation equations 
The unsteady, turbulent and chemically reactive flow in the engine is 
governed by the continuity, momentum, and energy equations: 
Continuity equation, 
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   mass density 
t   time 
u   the velocity of fluid 
D   diffusion coefficient in Fick’s Law 
   Dirac delta function 
a   dimensionless quantity 
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p   fluid pressure 
   stress tensor 
F   rate of momentum gain per unit volume  
g   specific body force, assumed constant 
I   specific internal energy, excluding chemical energy contribution 
J   the heat flux 
k   turbulent kinetic energy 
   turbulent dissipation rate 
Q    energy source term 
subscripts 
m   species that compose the mixture 
superscripts 
c   source term due to chemistry 
s   source term due to spray 
3.1.1.2 Turbulence equations 
For turbulent flow modelling, two options are available in KIVA4. One is 
the conventional k   model; the other is RNG (Re-Normalization Group) 
k   model [104, 105]. Study has shown that RNG k   model is better for 
the prediction on diesel engine combustion simulation [106]. Thus, RNG k   
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sW is the source term of turbulent eddies rate of work on spray 





C  are constants with the values of 1.42 and 1.68, respectively. 3C  is 
defined as: 
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. 
3.1.2 Spray modelling 
The spray process in a CI engine is very crucial to the combustion. When 
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the fuel is introduced into the cylinder through a nozzle, a cone-shaped spray is 
formed by the fuel jet near the nozzle exit. Then it goes several processes to 
vaporize, i.e., atomization, droplet breakup and collision, turbulent dispersion, 
and finally evaporation. 
3.1.2.1 Spray Equations 
It is essential to account for the distribution of drop sizes, velocities and 
temperatures during the exchange of source term in the mass, momentum and 
energy equations between the gas and liquid phases. The droplet distribution 
function  , , , , , ,d df r T y y t d drdT dydyx v v  is defined as the probable number 
of droplets per unit volume at position x  and time t  with velocities, radii and 
temperatures in the interval  , dv v v ,  ,r r dr  and  ,d d dT T dT , 
respectively, and displacement parameters in the intervals  ,y y dy  and 
 ,y y dy . 
The discrete droplet model (DDM) [107], which is a Monte-Carlo based 
method, has been implemented in KIVA to solve the spray equation, which is 
the time evolution of droplet distribution function f : 
 
     
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 (3.9) 
where iF , R , dT  and y  are the time rates of change of an individual 
droplet’s velocity, radius, temperature and oscillation velocity y . collf  and 
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buf  are the source terms due to droplet collisions and breakups, respectively. 
3.1.2.2 Breakup Model 
After the fuel has been injected, droplet atomization (first breakup) and 
secondary breakup will happen in sequence, then leading to the formation of 
new droplets. In the KIVA4 that has been improved by our group, the hybrid 
KH-RT (Kelvin-Helmholtz and Rayleigh-Taylor) model is used to replace the 
original TAB (Taylor Analogy Breakup) model. This hybrid breakup model has 
been used to mimic the spray atomization and secondary breakup. Figure 3.1 
displays the concept of KH-RT breakup model. After the injection, the KH  
breakup model is applied to region A near nozzle exit with the Breakup Length 
L. Beyond region A, i.e., exceeding the Breakup Length L, the RT model is 
utilized together with KH model to simulate the secondary breakup process 
[108]. 
In region A, the parent droplets initially are assumed with the same size as 
effective nozzle diameter. When parent droplets breakup to their child droplets, 









  (3.10) 
where pr  is the radius of parent droplet, cr  is the radius of child droplet which 












where KHB  and KHC  are constants in KH model. KH  and KH  are the 
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 (3.13) 
where   is the surface tension,   is the droplet density, Z , T  and gWe  are 
the Ohnesorge, Taylor, and gas Weber numbers, respectively. 
In region B, beyond the Breakup Length L, RT model plays a more 
dominant role in the secondary breakup process. In RT model, the change of the 
radius of a parent droplet can be calculated in the same way as shown in Eq. 








  (3.14) 
where RTC  is the time constant of RT model, and RT  is the growth rate of 
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where F  is acceleration in the direction of travel. To estimate the radius of a 











  (3.16) 
where RTB  is the size constant of RT breakup model. 
 
Figure 3.1 Illustration on KH-RT breakup model [108] 
3.1.2.3 Collision Model 
After breakup process, the collision model is applied to simulate the 
collision between child droplets. In this study, the collision model in KIVA4 is 
O’Rourke model, in which it assumes that the collision only occurs among the 
parcels that are within one cell and all these parcels are evenly distributed [105]. 
It is assumed that the collision happens between one pair of parcels. The 
parcel with larger radius is called “collector”; the other with smaller size is 







n nN r r   

v v  (3.17) 
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where the subscripts 1 and 2 refer to the properties of the “collector” and 
“droplet”, 2
nN  is the number of “droplets” (i.e., parcel 1),   is the volume of 
the cell where both “collectors” and “droplets” occupy. After calculating the 
collision frequency, the probability on the collision between one “collector” and 









  (3.18) 
with n t   where t  is the computational time step. 
During the collision calculation, a random number  1 0,1   is chosen 
and compared with nP . If 1 nP  , the collision happens. Then, another random 
number  2 0,1   is chosen to determine the collision impact parameter by 
  2 1 2b r r   (3.19) 
Then this b  is compared with the critical impact parameter crb  which is 
related to the liquid surface tension coefficient, the radii of parcels, the relative 
velocity between parcels. If crb b , the coalescence occurs; if crb b , each 
collision is grazing collision. The grazing collision means collision happens 
only once for each parcel. 
3.1.3 Combustion model 
To achieve the combustion modelling in KIVA4 with detailed chemistry, it 
is necessary to develop an advance combustion model. In this study, CHEMKIN 
II is used to couple with the evaporation model in KIVA4 to generate the 
advanced combustion model. 
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3.1.3.1 CHEMKIN II 
CHEMKIN II [103] is a FORTRAN program which is capable to analyze 
the gas-phase chemical kinetics. It consists two parts: an Interpreter and a Gas-
Phase Subroutine Library. The Interpreter needs a reaction mechanism file and 
the associated thermodynamic properties database to generate a data file which 
is able to link to the Gas-Phase Subroutine Library. Part of the subroutines 
handles with the chemical reaction calculation which is the key in combustion 
modelling. 
The elementary reactions which involve M  chemical species can be 





mi m mi m
m m
X X i I 
 
      (3.20) 
where mi  is the stoichiometric coefficient of Species m  in Reaction i , mX  
is the symbol for Species m . The superscript '  means forward coefficients and 
''  indicates reverse coefficients. 









    (3.21) 
where 
 mi mi mi       (3.22) 
and iq  is the rate of process variable for Reaction i  which is given by 
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i fi m ri m
m m
q k X k X
  
 
     (3.23) 
where  mX  is the molar concentration of the Species m , fik  and rik  are 
the forward and reverse rate constants of Reaction i . 
The forward rate constant of Reaction i  follows the Arrhenius equation 
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  (3.24) 
where iA  is the pre-exponential factor, i  is the temperature exponent, and 
iE  is the activation energy. These parameters should be given by users in the 
reaction mechanism file, i.e., the input of the Interpreter. 
Thus, the change in density of Species m  can be calculated when the 
production rate 
m  is known by the equation 
 
C
m m mW    (3.25) 









     (3.26) 
The above obtained 
C
m  and 
CQ  are the chemistry related source term 
in the governing equations, i.e., Eq. (3.1) and (3.3). 
3.1.3.2 Coupled KIVA4-CHEMKIN 
An advanced combustion model is incorporated into the original KIVA4 
code [109]. As both KIVA4 and CHEMKIN are in FORTRAN, an interface 
code is created in FORTRAN to develop this combustion model.  
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The working process of the coupled KIVA4-CHEMKIN code is shown in 
Figure 3.2. This advanced combustion model is to use Gas-Phase Subroutine 
Library together with a solver DVODE in CHEMKIN to conduct the chemistry 
calculation. At each time step, KIVA4 undertakes the calculation of fluid first, 
and then goes into the combustion calculation. Once the temperature exceeds 
the threshold 600K, KIVA4 passes the temperature, pressure and species 
information of each cell to CHEMKIN. Then CHEMKIN consequently solves 
the changes in species densities 
C
m  and chemical heat release 
CQ . These 
outputs from CHEMKIN will be sent back to KIVA4 to update the source terms 
in the governing equations. Then the same process will be followed for the next 
time step. This process ends at the pre-defined engine crank angle in KIVA4. 
3.2 SENKIN 
SENKIN is a program written in FORTRAN that can compute the time 
evolution of a homogeneous reacting gas mixture in a closed system [110]. This 
program is utilized to perform sensitivity analysis of reaction rate parameters 
and calculate ignition delays in Chapter 4. In addition, it is also used to predict 
the mole fractions of soot and NO in a closed-system for constructing φ-T map 




Figure 3.2 Flow chart of the working process of coupled KIVA4-CHEMKIN [109] 
 
SENKIN can solve six types of problems, which are: (1) CONP: an 
adiabatic system with constant pressure; (2) CONV: an adiabatic system with 
constant volume; (3) VTIM: an adiabatic system with the volume a specified 
function of time; (4) CONT: a system with the pressure and temperature held 
constant; (5) CONV: a system with the volume and temperature held constant; 
(6) TTIM: a system with pressure held constant and the temperature a function 
 54 
 
of time. For sensitivity analysis and ignition delay calculations in Chapter 4, the 
CONV problem was selected. The ignition delay is defined as the time when 
the temperature reaches 400K above the initial temperature [111]. For the 
prediction on mole fraction of soot and NO for constructing φ-T map in Chapter 
8, the TTIM problem was chosen. 
3.3 Dynamic φ-T (Equivalence ratio vs. Temperature) map 
Figure 3.3 shows the φ-T map of CDC to illustrate the structure. It can be 
seen that a dynamic φ-T map consists of two parts. One is the φ-T conditions 
which are presented by the colored plots in the unit of mass percentage; another 
is the soot-NO contour in mole fraction which is used as the background of the 
map. To generate the dynamic maps, 3-D simulations on NG/diesel fueled RCCI 
engine were conducted by coupled KIVA4-CHEMKIN code [101, 103]. The 
detailed descriptions on the models can be referred to Section 3.1 [109]. In this 
study, to export the data of φ-T conditions, the KIVA4-CHEMKIN code was 

























where Cin , Hin  and Oin  are the numbers of C, H, O atoms of the i th species, 
respectively. [ ]iC  is the molar concentration of the i th species. The physical 
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meaning is the number of oxygen atoms required to fully oxidize the available 
carbon and hydrogen atoms, divided by the number of available oxygen atoms. 
 
Figure 3.3 Demonstration on the φ-T map of CDC combustion 
 
During simulations, the cells with same exported φ and temperature are 
considered in one group, and the mass percentage of each cell in this group was 
added up. Then the mass percentage of each group with unique φ and 
temperature is represented by one colored plot on the φ-T map. After 3-D 
simulations, the in-cylinder pressure and the elapsed time at each user-defined 
crank angle will be exported and be used as the initial conditions in SENKIN 
[110], which is employed to generate soot-NO contour. 
Each soot-NO contour for background requires 720 0-D simulations by 
SENKIN, in which the option TTIM (pressure held constant and temperature a 
function of time) is selected. At each user-defined crank angle, the pressure was 
set as the value exported from KIVA4-CHEMKIN; the temperatures were 
varied from 1000 to 3000K at an interval of 100K; the elapsed time of fuel was 
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calculated by considering the 1st SOI timing of diesel as the start point; the 
initial concentrations of species (fuel and air) were varied according to the ERs 
which were ranged from 0.0 to 9.0 at an interval of 0.25. Finally, the mole 
fractions of soot and NO were obtained versus temperatures and ERs and 
displayed in the map as the emissions islands. It can be inferred from the set 
conditions in SENKIN that the exported soot-NO contour would be unique at 
each crank angle. Thus, compared to a static φ-T map which neglects the effects 
of in-cylinder conditions, a dynamic φ-T map could not only show the effect of 
φ-T distribution on the formation of NO and soot, but also reflect the effect of 
in-cylinder pressures. 
3.4 Experimental setup 
The experimental data that are presented and used to validate the numerical 
models were obtained from two engine setups. One is a Toyota multi-cylinder 
engine which is at National University of Singapore. The other is a single-
cylinder engine modified from a multi-cylinder engine which is at Tsinghua 
University. 
3.4.1 Multi-cylinder direction injection engine 
The engine at National University of Singapore is a four cylinder, four-
stroke, turbocharged, direct injection diesel engine. Figure 3.4 shows the 




Figure 3.4 Schematic diagram of the multi-cylinder engine test bed 
 
Table 3.1 Specifications of multi-cylinder engine 
Type 
Toyota 4-cylinder inline DI diesel 
engine 
Bore × Stroke (mm) 92 × 93.8 
Swept Volume (L) 2.494 
Rated Engine Speed (rpm) 3600 
Rated Power (kW) 75 
Compression Ratio 18.5 
Fuel Injection System Common rail injection 
Number of injector holes 6 
A passive dynamometer (AVL DP 160) was used to provide engine power 
and torque. The air flow rate was measured by an air flow meter (AVL 
Sensyflow P) with a resolution of 100 ms. The fuel consumption was measured 
by an AVL 733S.18 fuel balance. The fuel injection was determined by an 
engine control unit. An AVL GH13P water-cooled pressure transducer was 
mounted on the first cylinder to measure in-cylinder pressure. AVL Indicom 
were used to monitor and collect data on intake manifold pressure, air flow rate, 
fuel consumption rate, cylinder pressure, exhaust pressure, exhaust temperature, 
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engine speed, engine torque, coolant temperature and etc. The parameters of 
evaluating engine performance such as brake power, brake thermal efficiency 
and HRR were calculated by built-in equations. The exhaust emissions such as 
CO, NO and NO2 were measured by a portable gas analyzer (E instrument 4400 
N). Table 3.2 lists the measured parameters and the specification of the 
instruments for the multi-cylinder engine. 
Table 3.2 The measured parameters and the specification of measuring instruments 
for multi-cylinder engine 
Parameter Instrument Uncertainty 
Engine 
torque 














E Instruments 4400 N 
±10ppm           0-200ppm 
±5% measured value   201-2000ppm 
NO emission 
±5ppm             1-100ppm 
±5% measured value   101-5000ppm 
Table 3.3 lists the properties of diesel and biodiesel fuels that have been 
tested in this multi-cylinder engine setup. The biodiesel was derived from waste 
cooking oil. 
Table 3.3 Properties of fuels tested in the multi-cylinder engine 
Properties ULSD Biodiesel 
Density at 20 °C (kg/m3) 840 883.5 
Viscosity at 20°C (mm2/s) 2.8 4.36 
Cetane number 52 58 
Flash point (°C) 42 170 
Calorific value (MJ/kg) 44.8 39.1 
 
In this thesis, the data measured from this multi-cylinder engine was used 
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to validate the models in Chapters 7 and 8. 
3.4.2 Modified single-cylinder dual-fuel engine 
A dual-fuel single-cylinder engine was modified from a four-cylinder 
common rail engine by the state Key Laboratory of Automotive Safety and 
Energy in Tsinghua University [92]. During the modification, the first cylinder 
is used and the other three are deactivated by removing the injection and valve 
system. Figure 3.5 shows the schematic diagram of the dual-fuel engine test bed. 
Table 3.4 lists the specifications of the modified dual fuel engine.  
 
Figure 3.5 Schematic diagram of the dual-fuel engine test bed 
Adjustment on injection pressure, timing, duration and split injection of 
this setup are achievable by an open engine control unit. DFM (dual fuel mode) 
experiments have been conducted on this engine where gasoline was port-
injected and diesel was direct-injected. AVL Indicom 621 Combustion Analyzer 
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was used to analyze combustion characteristics. NOx and smoke emissions were 
measured by AVL’s CEB-II and AVL’s 439 opacimeter, respectively. The EGR 
rate is defined as the ratio of intake CO2 concentration to the exhaust CO2 
concentration in experiments. Table 3.5 lists the measured parameters and the 
specification of measuring instruments for single-cylinder engine. 
Table 3.4 Specifications of the modified dual fuel engine 
Type dual fuel engine 
Prototype GW4D20 diesel engine 
Bore (mm) 83.1 
Stroke (mm) 92 
Displacement (L) 0.5 
Compression Ratio 16.7 
Diesel injection pressure (MPa) 40-180 
Gasoline injection pressure (MPa) 0.2-0.3 
Number of injector holes 7 
Intake valve close (º ATDC) -130 
Exhaust valve open (º ATDC) 94 
Swirl Ratio 1.7 
 
Table 3.5 The measured parameters and the specification of measuring instruments 
for single-cylinder engine 
Parameter Instrument Uncertainty 
Engine 
torque 
Dynamometer (FC2012) ±0.2% 
Fuel 
consumption 
Fuel balance (FCM-D) ±0.3% 
Cylinder 
pressure 




Gas analyzer (AVL’s CEB-II) 
±2ppm          50-2500ppm 
NO ±1ppm          30-5000ppm 
 
Table 3.6 lists the properties of gasoline, diesel and biodiesel fuels that 
have been tested in the modified dual-fuel single-cylinder engine. Experiments 
were undertaken by fueling pure diesel, pure biodiesel, gasoline/diesel and 
 61 
 
gasoline/biodiesel dual-fuel combinations. The obtained data measured from 
this modified single-cylinder engine were used to validate the reaction 
mechanism and KIVA4-CHEMKIN models in Chapters 4, 5, 6 and 7. 
Table 3.6 Properties of fuels tested in the modified single-cylinder engine 
 Gasoline Diesel 
Biodiesel 
(Palm Oil Methyl Ester) 
Lower heating value (MJ/kg) 43.50 42.90 38.29 
Cetane number - 52.6 61.7 
Research Octane number 94.0 - - 
Viscosity @ 20 ºC (mm2/s) - - 7.159 
Liquid density @ 20 ºC (kg/m3) 753.0 839.3 871.4 
3.5 Summary 
In this chapter, methods on numerical approach and experiments are 
introduced. The models descriptions in the modelling tools such as SENKIN, 
coupled KIVA4-CHEMKIN are also presented. After getting a view on 
SENKIN and KIVA4-CHEMKIN, the principle of another technique, i.e., 
dynamic φ-T map, is given. The experimental data that has been used to validate 
the models in KIVA4-CHEMKIN and reaction mechanisms are obtained from 









Chapter 4 Development of the multi-component 
reaction mechanism for gasoline and diesel/biodiesel 
dual-fuel combustion 
4.1 Introduction 
As discussed in the literature review chapter, most of the studies on RCCI 
combustion were focused on the use of diesel as the HRF. Biodiesel, considered 
as a renewable fuel, has not been fully investigated. Thus, to conduct simulation 
on the gasoline/biodiesel fueled RCCI engine, it is needed to find a reaction 
mechanism which is capable of mimicking the combustion of gasoline/biodiesel 
in an RCCI engine.  
In this chapter, a multi-component reaction mechanism, including gasoline, 
diesel and biodiesel, will be developed. The reported numerical studies [4, 7, 15, 
21] on gasoline/diesel DFM combustion adopted the PRF mechanism which 
consists of 41 species and 130 reactions developed by University of Wisconsin-
Madison [111]. However, NOx and soot mechanism are not included. In addition, 
there is no available mechanism for DFM modelling on gasoline/biodiesel 
fueled engines. Thus, it is necessary to develop this multi-component 
mechanism. Finally, using the new mechanism, the modelling studies on both 
gasoline/diesel and gasoline/biodiesel combustion are achievable. 
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4.2 Reaction Mechanism development 
4.2.1 Integration of skeletal mechanism 
As mentioned, the objective is to develop a new chemistry mechanism that 
could simulate both gasoline/diesel and gasoline/biodiesel combustion. 
Furthermore, the reactions related to NOx and soot emissions will be embedded 
in the developed mechanism. Therefore, three mechanisms that have been used 
to represent the combustion of diesel, biodiesel and gasoline were selected to 
integrate together. 
In this study, n-heptane is considered as the surrogate of diesel; hence, the 
reduced n-heptane oxidation chemistry reported by Golovitchev et al. [114], 
containing 57 species and 217 reactions, was selected for further integration 
with other mechanisms. Both chemistry mechanisms of NOx and soot emissions 
have been contained. The reactions that describe the formation of NOx 
emissions include Zeldovich mechanism, N2O to NO branch and NO to NO2 
branch. Considering soot formation, series of elementary reactions lead 
acetylene and hydrogen to the formation of the first aromatic ring. Then the 
successive stages of HACA mechanism (H abstraction, C2H2 addition) build up 
a precursor of soot, namely acenaphthylene. Finally, the soot is formed via 
“graphitization” process A2R5→4H2+12C(s). 
Furthermore, considering iso-octane as the surrogate of gasoline, PRF 
mechanism containing 41 species and 130 reactions reported by Ra and Reitz 
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[111] was selected. 
In addition, the multi-component mechanism containing 69 species and 
204 reactions [115] which has been used in simulating biodiesel combustion in 
engine research applications was taken into consideration. Finally, by 
integrating the above mentioned three reaction mechanisms, a new mechanism 
that could simulate both gasoline/diesel and gasoline/biodiesel combustion for 
DFM and BFM was obtained. This developed mechanism consists of 107 
species and 425 reactions. Since the number of species and reactions are still 
manageable in coupled KIVA4-CHEMKIN, no further reduction is required. 
According to the original mechanisms, n-heptane and iso-octane are the 
surrogates of diesel and gasoline, respectively. The pure biodiesel is represented 
by a fuel mixture made of 50% n-heptane, 25% MD (methyl-decenoate) and 25% 
MD9D (methyl-9-decenoate) in mole. 
4.2.2 Reaction rate adjustment 
After the integration of three mechanisms, the predicted ignition delay of 
n-heptane, iso-ocatne and biodiesel would be deviated from the original ones. 
Therefore, sensitivity analysis was carried out by SENKIN [110] code to 
identify the sensitive reactions; hence, the pre-exponential factors in the 
Arrhenius equation, i.e., Eq. (3.24), of the detected reactions were adjusted to 
optimize ignition delay predictions. In this study, the ignition delay is defined 
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as the time when the temperature reaches 400K above the initial temperature 
[111]. 
Figure 4.1 shows the flow chart of the reaction rate adjustment. As can be 
seen, there are three main loops: 100% n-heptane, 100% iso-octane and 100% 
biodiesel. For each loop, four steps that should be taken to optimize the 
predicted ignition delay are summarized as follows: 
1) Compare ignition delay of 100% n-heptane, 100% iso-octane and 100% 
biodiesel against available data under various conditions. The conditions are 
given in ignition delay validation section.  
2) Among conditions associated with absolute errors exceeding an 
expected value (shown in Figure 4.1), the one with the maximum error will be 
subject to a sensitivity analysis. The maximum errors to be tolerated are set as 
30%, 52%, and 55% for n-heptane, iso-octane and biodiesel respectively which 
are in an increasing order according to the carbon atoms contained in each 
species. This is because the ignition delay of biodiesel will be affected by the 
ignition delay of n-heptane and iso-octane which have lower carbon atoms. This 
could also apply to the relation between n-heptane and iso-octane themselves. 
Therefore a lower tolerant error is set for the species containing lower carbon 
atoms. The final error is to be controlled within 55% which is an acceptable 





Figure 4.1 Flow chart of adjustment on reaction rate for the new integrated reaction 
mechanism 
 
3) By sensitivity analysis, the pre-exponential factor in the Arrhenius 
equation of the most sensitive reaction will be amended to fit the ignition delay 
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time [111].  
4) Check the ignition delay after amending the pre-exponential factor in 
the Arrhenius equation. If the absolute errors still exceed the maximum 
tolerance, repeat the loop; otherwise, proceed to the next loop. 
Table 4.1 lists the finalized adjusted pre-exponential factors of the sensitive 
reactions that are identified at each step. The final errors for pure n-heptane, 
pure iso-octane and pure-biodiesel will be shown in the validation section. 







NC7H16+O2=C7H15-2+HO2 5.000E+13 2.000E+14 
C7H15O2+O2=C7KET12+OH 5.264E+15 3.290E+14 
NC7H16+HO2=C7H15-2+H2O2 6.600E+13 3.300E+13 
C7H15-2+O2=C7H15O2 4.000E+12 2.000E+12 
iso-octane 
C8H17=C2H5+C3H5+C3H7 1.427E+15 1.409E+16 
IC8H18+O2=C8H17+HO2 2.210E+14 2.219E+15 
IC8H18+HO2=C8H17+H2O2 2.790E+13 2.228E+14 
C8H17=C3H7+C2H4+C3H6 8.110E+15 2.161E+16 
biodiesel 
MD+HO2=MD6J+H2O2 1.103E+02 1.764E+03 
MD+O=MD6J+OH 2.973E+05 5.946E+05 
MD9D+HO2=MD9D6J+H2O2 3.670E+02 2.954E+03 
MD9D+OH=MD9D6J+H2O 1.868E+08 2.335E+07 
MD9D6O2=MD9D6OOH8J 7.813E+09 1.250E+10 
H+O2=O+OH 9.600E+13 1.920E+14 
H2O2+M=OH+OH+M 3.480E+16 4.300E+16 
C7KET12=C5H11CHO+CH2O+O 2.625E+15 1.050E+16 
4.3 Reaction mechanism validation 
4.3.1 Ignition delay validation 
The newly integrated mechanism was validated against the ignition delay 
data obtained from the shock tube experiments of n-heptane and iso-octane, and 
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the detailed reaction mechanism of biodiesel (25% of MD, 25% of MD9D and 
50% of n-heptane in mole). Table 4.2 lists the final errors of the predicted 
ignition delay compared to the experimental data for n-heptane under 17 
conditions at an ER of 1.0 [116]. An average error of -7.3% has been achieved, 
while the maximum error is 26.8% under the condition with a temperature of 
1115K and a pressure of 52.3bar. Overall, as the margin of errors is acceptable, 
the reaction mechanism is deemed valid in portraying the combustion of n-
heptane. 













806 20 1377 1204 -12.5 
850 19.9 1653 1313 -20.6 
906 19.8 1836 1353 -26.3 
1012 18.1 944 1047 10.9 
1048 16.7 854 776 -9.1 
909 53.9 254 262 3.3 
923 60 244 222 -9.0 
926 60.6 233 218 -6.2 
932 55.4 323 249 -23.0 
985 48.6 364 291 -19.9 
1007 57.7 232 216 -6.7 
1013 53.6 292 237 -18.7 
1023 54.2 261 227 -13.2 
1027 59.1 237 198 -16.5 
1057 50 194 214 10.3 
1063 53.1 179 192 7.0 
1115 52.3 102 129 26.8 
Average    -7.3 
 
Table 4.3 presents the errors of predicted ignition delay compared with 
shock tube data [116] for iso-octane under various conditions of ER, 
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temperature and pressure. As can be seen, the maximum absolute error for iso-
octane is 51.8% when the temperature is 1280K and pressure is 15.4 bar. 
Considering the average error with a value of -29.4% is still acceptable in 
ignition delay prediction, the reaction mechanism is validated to simulate the 
combustion of iso-octane. 














1.0 986 23.6 1317 1109 -15.8 
1.0 1011 18.7 1395 981 -29.6 
1.0 1048 21.6 908 517 -43.1 
1.0 1053 16.5 1068 633 -40.7 
1.0 1153 23.6 208 150 -27.9 
1.0 1158 17.3 271 194 -28.4 
1.0 1280 15.4 51 77 51.8 
0.5 1031 16.1 1805 1147 -36.4 
0.5 1125 15.3 661 388 -41.3 
1.9 1023 16.5 1367 755 -44.8 
2.1 1144 14.9 411 212 -48.4 
1.0 903 48.1 1299 1196 -7.9 
1.0 929 54.4 1265 820 -35.2 
1.0 947 60.9 890 598 -32.8 
1.0 977 54 734 499 -32.0 
1.0 1015 54.6 465 304 -34.5 
1.0 1045 47.8 355 239 -32.6 
1.0 1083 48.6 229 150 -34.5 
0.5 988 49.5 1243 667 -46.3 
0.5 1111 45 281 157 -44.0 
1.6 916 55.2 928 704 -24.1 
1.8 1048 53 233 168 -27.8 
Average    -29.4 
 
Figure 4.2 compares the predicted ignition delay between the integrated 
and detailed reaction mechanism under 63 conditions with seven temperatures 
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varied from 700 to 1800K at unequal intervals, three pressures (1, 10, 100bar) 




Figure 4.2 Comparison on ignition delay between detailed and newly integrated 
mechanism [117] 
 
The maximum and the average errors are 54.8% (1000K, 100bar, 0.5) and 
-17.4% for pure biodiesel case, respectively. The over-predicted ignition delay 
were observed under the conditions with the ERs at 1.0 and 2.0 when the 
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temperatures are 700 and 800K under 1 bar; in contrast, the under-predicted 
ignition delay mainly arises from the conditions with high temperatures (1200 
to 1800K), pressures of 1 and 10bar at the ER of 2.0, as well as the conditions 
with low temperatures (900 to 1000K), a pressure of 100 bar at the ER of 0.5. 
Though the over and under predictions are observed, the overall tendency of 
auto-ignition is still acceptable for representing the combustion of biodiesel. It 
should be noted that the deviation of the computed and experimental results of 
the ignition delay is caused by the combinations of various effects brought from 
the reactions in the mechanism. Thus far, this newly integrated mechanism has 
been validated by 0-dimensional ignition delay. The next section introduces the 
3-D validations on the combustion of gasoline/diesel and gasoline/biodiesel 
combinations. 
4.3.2 3-D engine validation 
In this section, 3-D validations were conducted on the newly developed 
reaction mechanism [36, 84]. The closed-cycle numerical results were 
simulated by the coupled KIVA4-CHEMKIN program which has been 
described in Section 3.1. During the simulation, due to the closed cycle 
simulation, gasoline was assumed to be in gas phase and be homogeneously 
premixed with air in the cylinder. The HRF, diesel or biodiesel, was injected 
into the cylinder. Then, the numerical results were compared with experimental 
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data obtained from the dual-fuel engine (Section 3.4.2), thereby validating the 
reaction mechanism. 
4.3.2.1 Gasoline/diesel 
Firstly, 3-D validation was undertaken on the fuel combination of gasoline 
and diesel in dual-fuel engine. As listed in Table 3.4, there are seven holes on 
the injector; therefore, to ease the computational burden, a 51.43º sector mesh 
was created. Figure 4.3 displays the computational mesh at TDC for this 
validation. The mesh independence test has been done to select an average cell 
size about 1.7 mm in vertical direction of the bowl region and radial direction, 
about 2º in azimuthal direction and about 3.5 mm in vertical direction of the 
squish region. The mesh generated in bowl region is finer than squish region, 
because the combustion mainly happens in the combustion chamber around 
TDC. Finally, the cell number is around 9,000 at bottom dead center. 
 
Figure 4.3 Sector mesh at TDC 
 
To validate the newly developed reaction mechanism, the pressure and 
HRR were simulated under three operating conditions, namely 100% diesel 
with single injection, gasoline/diesel dual-fuel combustion with both single and 
double injection, as listed in Table 4.4. Figure 4.4 compares the in-cylinder 
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pressure and HRR histories between predicted and experimental results under 
the three conditions. Though a slightly over-prediction on pressure and HRR for 
DFM can be observed, the discrepancies are still acceptable. The abrupt HRR 
of the simulation on gasoline/biodiesel fueled combustion maybe due to the 
assumption on the homogeneously premixed gasoline during the simulation. In 
reality, the gasoline distribution cannot be homogeneous. Thus, the HRR of 
dual-fuel simulation is faster compared to experiment. Overall, this new 
mechanism is capable of capturing the combustion characteristics in 
gasoline/diesel RCCI engine. 
Table 4.4 Operating conditions for pure diesel combustion and DFM combustion in 
modified GW4D20 engine 
Validation name (a) (b) (c) 
Engine speed (rpm) 1600 
Pressure at IVC (bar) 1.06 
Common rail pressure (MPa) 80 
Diesel consumption (kg/h) 0.69 0.34 0.33 
Gasoline consumption (kg/h) 0 0.33 0.33 
IMEP (bar) 5.00 4.98 5.06 
1st SOI (ºATDC) -11 -35 -60 
2nd SOI (º ATDC) N.A. N.A. -30 
Air flow rate (kg/h) 17.67 17.37 17.48 
EGR (%) 19.2 20.0 20.1 
 
Figure 4.5 shows the normalized validation results on NOx emissions. As 
can be seen, comparing with the normalized experimental results, the trend is 




(a) 100% diesel with single injection 
 
 
(b) 50% diesel 50% gasoline DFM with single injection 
 
 
(c) 50% diesel 50% gasoline DFM with double injection 
 
Figure 4.4 Comparison between predicted results and experimental data of in-




However, the soot validation cannot be conducted because during the 
experiment, the opacimeter was used to measure the smoke, which includes soot, 
solids and even liquids. The soot experimental data could not be obtained. Based 
on above observations, the numerical models of KIVA4-CHEMKIN and 
reaction mechanism are validated. 
 
Figure 4.5 Comparison on NOx emissions between experimental and numerical 
results 
4.3.2.2 Gasoline/biodiesel 
After validating the combustion of gasoline/diesel in the RCCI engine, 
gasoline/biodiesel combination is validated in this section. Figure 4.6 shows the 
mesh used in this study to model the combustion of biodiesel and gasoline 
combination. The cell number is around 11000 at bottom dead center. 
 
 




Table 4.5 lists the operating conditions of the two validation cases: one is 
fueled with 100% of biodiesel (Case 1); another is fueled with about 53% of 
biodiesel and 47% of gasoline in mass (Case 2). In Case 2, biodiesel was 
injected through single pulse strategy. Figure 4.7 compares the in-cylinder 
pressure and HRR between predicted and experimental results of the two 
validation cases. It could be observed that the discrepancies for both cases are 
within acceptable levels. Thus, this newly integrated reaction mechanism can 
also predict the combustion characteristics of the gasoline/biodiesel fueled 
RCCI engine. 
Table 4.5 Operating conditions of validation cases 
Validation case 1 2 
Engine speed (rpm) 1400 1400 
Pressure at IVC (bar) 1.10 1.10 
Common rail pressure (Mpa) 80 80 
Biodiesel consumption (kg/h) 0.45 0.26 
Gasoline consumption (kg/h) 0.0 0.24 
IMEP (bar) 3.05 3.09 
SOI (º ATDC) -7º -9º 




(a) Case 1 (b) Case 2 
Figure 4.7 Comparisons of in-cylinder pressure and HRR between experimental 
and numerical data 
 
Table 4.6 lists the results for the validation of NOx emissions. It can be seen 
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that the predicted NOx values are close to experimental data for both validation 
cases. Thus, the prediction on NOx emissions is reliable. Thus, the reaction 
mechanism has also been validated for gasoline/biodiesel RCCI combustion. 
Table 4.6 Validation on NOx emissions 
 
NOx (g/kWh) 
Case 1 Case 2 
Experiment 2.29 1.61 
Simulation 3.29 1.86 
4.4 Summary  
In this chapter, a reaction mechanism that can be used to simulate the 
gasoline/diesel and gasoline/biodiesel fueled RCCI combustion has been newly 
developed. There was no available gasoline/biodiesel reaction mechanism for 
RCCI engine simulation before. This mechanism also contains the mechanisms 
that can predict NOx and soot emissions. To validate this mechanism, both 0-D 
and 3-D simulations were conducted. The comparison results between 
numerical results and experimental data indicate that this newly developed 
mechanism can capture the combustion characteristics in the RCCI engine and 




Chapter 5 Investigation on the role of reactivity 
gradient 
5.1 Introduction 
As mentioned in the literature review section, the RCCI combustion uses 
at least two fuels with different reactivity to realize in-cylinder fuel blending. 
However, by this way, not only the reactivity gradient is formed in the cylinder, 
but also the ER gradient. Thus, it is important to know the role of reactivity 
gradient in RCCI engine by isolating the effect of reactivity gradient. In this 
chapter, numerical investigation based on the developed chemistry mechanism 
is first conducted on four combustion scenarios fueled by gasoline and diesel, 
followed by the discussion on the influence of reactivity gradient on the 
combustion process [36]. 
5.2 Proposed numerical cases 
In this study, the gasoline/diesel RCCI combustion is compared with other 
three hypothetical modelling cases to investigate the effect of reactivity gradient 
in the cylinder. Table 5.1 displays the boundary conditions for the base case 
RCCI mode and other three hypothetical cases. The descriptions for each case 
are given as follows: 
1. The base case is RCCI combustion with single injection which 
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corresponds to the validation case (b) shown in Table 4.4 in Section 4.3.2.1. In 
this case, pure gasoline (G100) with a mass fraction of 49% of the total fuel is 
induced into the engine through the intake manifold and is assumed to be 
homogeneous in the cylinder before combustion; whereas, pure diesel (D100) 
is directly injected into the cylinder by the end of compression stroke.  
2. The second case still uses the same SOI timing and duration as the base 
case. However, both the premixed fuel and directly injected fuel are blend fuel 
which contains 51% of diesel and 49% of gasoline (D51G49). When the fuel 
(D51G49) directly injected into the cylinder where premixed fuel (D51G49) 
exists, no fuel reactivity gradient will be formed. To exclude the effects caused 
by thermal properties of premixed fuel, the initial temperature and pressure are 
set as same as the base case. By this way, the in-cylinder fuel reactivity gradient 
could be eliminated while maintain the same ER as the base case; therefore, it 
is possible to compare with the base case and inspect the role of fuel reactivity 
gradient in RCCI combustion. 
3. The third case belongs to BFM combustion fueled with D51G49 which 
adopts the same SOI timing and duration as the base case; all the fuel is directly 
injected into the engine. 
4. The fourth case also belongs to BFM combustion fueled with D51G49 
but adopts a rather early SOI timing (right after IVC). It should be noted that 
the injection duration for case 4 is set at 25º to ease the fuel impingement on 
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cylinder wall. The purpose of case 4 is to simulate a more homogeneous blend 
gasoline/diesel atmosphere in cylinder compared to case 3. 
Table 5.1 Proposed numerical cases 
 Base case Case 2 Case 3 Case 4 
1st SOI (ºATDC) -35 -35 -35 -125 
1st injection duration (ºCA) 8.2 8.2 8.2 25 
Injected fuel consumption 
(kg/h) 
0.34 0.34 0.67 0.67 
Injected fuel type D100 D51G49 D51G49 D51G49 
Premixed fuel consumption 
(kg/h) 
0.33 0.33 0 0 
Premixed fuel type G100 D51G49 N.A. N.A. 
EGR (%) 20.0 20.0 20.0 20.0 
 
It should be noted that in this study a single engine operating condition has 
been taken into account. In addition, the hypothetical cases are not validated 
against experimental data. The results may not be extensive to apply to the 
practical implementation of RCCI combustion. 
5.3 Results and discussion 
5.3.1 Combustion characteristics 
5.3.1.1 Comparison between base case and case 2 
Figure 5.1 compares the in-cylinder pressure and the HRR under four 
different combustion scenarios as mentioned above. As shown in the figure, the 
ignition for case 2 is advanced compared to the base case. It should be noted 
that the base case and case 2 belong to DFM and adopt the same SOI timing but 
different fueling strategies; therefore, the results shown in Figure 5.1 imply that 
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the ignition delay could be extended and controlled with the presence of fuel 
reactivity gradient. Furthermore, the phenomenon of LTHR around -23 ºCA 
ATDC could be observed from the HRR curve for case 2, but not for the base 
case. 
 
Figure 5.1 Comparison on in-cylinder pressure and HRR for proposed four 
cases 
 
Figure 5.2 shows the PRR for all the cases. The LTHR could be further 
illustrated by the enlarged PRR curve shown in Figure 5.2. This LTHR are 
mainly due to the premixed diesel fuel which has a low CN for case 2. Further 
observation on Figure 5.2, it could be found that one major advantage of fuel 
reactivity gradient in cylinder is the reduced PPRR. Without the presence of fuel 
reactivity gradient, the PPRR of case 2 could reach about 17 bar/degree, which 
tends to produce knocking and is quite damaging to the engine. Comparatively, 
the PPRR of the base case could be well controlled within 10 bar/degree which 





Figure 5.2 Comparison on PRR for proposed four cases 
 
Figure 5.3 illustrates mean concentration for gas phases of nC7H16, iC8H18, 
CH2O, and OH during the combustion. There are four stages that are involved 
in the oxidation of hydrocarbon: LTHR, NTC, thermal ignition preparation and 
thermal ignition. According to the universal rule of hydrocarbon oxidation 
proposed by Ando and Sakai [118], the thermal ignition preparation and thermal 
ignition stage could be implied from the existence of CH2O (correlated with the 
depletion of nC7H16) and the fast production of OH (correlated with the 
depletion of nC8H18), respectively. As observed from Figure 5.3, when the 
concentration of CH2O starts to increase, the nC7H16 drops for case 2. For the 
base case, the nC7H16 (diesel) is injected at -35º CA ATDC and it does not reach 
the highest peak value which means that CH2O is being produced while 
consumption of nC7H16 is in progress. Furthermore, the production rate of 
CH2O for case 2 is much faster compared to that for the base case even when 
they start at the same CA. In addition, the duration of thermal ignition 
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preparation stage for case 2 is shorter and with a higher peak value compared to 
those of the base case. This phenomenon could be attributed to the LTHR which 
accumulates enough heat to promote the thermal ignition preparation stage. The 
transition from thermal ignition preparation to thermal ignition happens when 
producing OH and consuming nC8H18 and CH2O. Comparing the production 
rate of OH between the base case and case 2, the slope for case 2 is steep and 
the one for the base case is gentler. This could explain the HRR and PRR curves 
shown in Figures 5.1 and 5.2. Therefore, comparison between the base case and 
case 2 demonstrates the role of fuel reactivity gradient in cylinder which could 
control combustion phasing and reduce the PPRR. 
5.3.1.2 Comparison between base case and cases 3 and 4 
In this part, the base case is compared with cases 3 and 4 to demonstrate 
the difference between DFM and BFM combustion. As shown in Figure 5.1, 
case 4, with a very early injection, ignites first, followed by case 3 which uses 
the same SOI timing as the base case, and the base case ignites last. The 
advanced ignition for BFM is mainly due to the blend diesel fuel which has a 
high CN (high reactivity). In addition, LTHR is also observed from the HRR 
curve for case 4 and can be further proved by the enlarged PRR curve in Figure 
5.2. Also, the PPRR for case 4 exceeds 10 bar/degree, which is not favorable. 
The LTHR and high PPRR result from, respectively, the high CN of the blend 
fuel and the very early injection of fuel to form a relatively homogeneous 
 85 
 
atmosphere in cylinder. 
It should be noted that case 3 with the SOI timing of -35º CA ATDC shows 
a low peak pressure, low peak HRR, and low peak PRR, thereby a low 
combustion efficiency. In case 3, a double amount of fuel is injected but with 
the same injection duration as the base case; therefore, the injection rate of fuel 
is as twice as much of the base case. The higher injection rate will enhance the 
atomization and evaporation processes. As shown in Figure 5.3, same amount 
of nC7H16 (liquid phase) is injected in cylinder for base case and case 3; however, 
the increase of nC7H16 (gas phase) for case 3 is much faster compared to that of 
base case. But the low peak pressure and HRR are still observed for case 3. This 
is because of different injection strategies for nC8H18 which are applied to those 
two cases. As illustrated in Figure 5.3, for the base case, the concentration of 
nC8H18 nearly reaches to zero around 0º CA which indicates nC8H18 could be 
fully consumed once ignition happens due to its uniformity; in contrast, nC8H18 
is evaporating at the same CA for case 3. Therefore, it could be inferred that the 
advantage of faster evaporation of nC8H18 could not compensate its slow 
consumption of case 3 compared to the base case. Based on the evaluation of 
the base case, case 3 and case 4, it could be implied that BFM needs an early 




Figure 5.3 Concentration of species (nC7H16, iC8H18, CH2O, OH) during 
combustion process 
 
From Figure 5.3 for case 4, the increase in the concentration of nC7H16 and 
nC8H18 between -50 and -20º  CA ATDC implies that the liquid fuels are 
evaporating into gas phases. In addition, it could be observed that the 
concentration of nC7H16 decreases and the concentration of CH2O increases 
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dramatically around the -20ºCA ATDC where LTHR happens. The reason is 
that the accumulated heat from LTHR promotes the thermal ignition preparation. 
In contrast, the production of CH2O for the base case and case 3 is steady; 
therefore, the thermal ignition preparation is longer compared with case 4. The 
long thermal ignition preparation for the base case could be explained as a result 
of fuel reactivity gradient; whereas for case 3, the evaporation of fuel slows 
down the thermal ignition preparation stage. As shown in Figure 5.3, the 
concentration of nC7H16 for case 3 stays around 800 ppm which is lower 
compared with the value of case 4 before the thermal ignition preparation stage 
ends. This result indicates that the combustion of case 3 happened during the 
evaporation of fuel, hence resulting in a slow thermal ignition preparation stage. 
As mentioned, the thermal ignition is correlated with the production of OH. The 
generation rate of OH for BFM (cases 3 and 4) is faster than that of RCCI (base 
case) as displayed in Figure 5.3. This phenomenon proves that fuel reactivity 
gradient existing in RCCI could restrain the fast thermal ignition process which 
may happen in BFM. 
5.3.2 Emissions formation 
5.3.2.1 NOx emissions 
Figure 5.4 (a) shows the concentration of NOx emissions at the exhaust 
valve open. It could be found that the level of NOx emissions for DFM 
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combustion (base case and case 2) are similar which is around 200 ppm; in 
contrast, the one for BFM combustion (cases 3 and 4) are quite different. Figure 
5.5 demonstrates the temperature distribution in Kelvin and the mass fraction of 
NOx emissions in cylinder at 2º CA ATDC for four cases. As can be observed, 
the temperature distribution for DFM combustion is more homogeneous 
compared to BFM combustion due to the 49% premixed fuel. Despite a very 
early injection is given to case 4, the combustion temperature is still 
heterogeneous compared with DFM; however, it is much better than that of case 
3 with a SOI timing of -35º CA ATDC. It should be noted that the extremely 
low NOx for case 3 is caused by the incomplete combustion. Since the spray 
angle is 78º which is retained from original four-cylinder engine, the fuel will 
penetrate to squish area with an early injection; as shown in Figure 5.5, the fuel 
liquid clusters around the squish area and could not fully burn due to the high 
concentration of the fuel. The extremely high NOx for case 4 results from the 
high local temperature which is above 2000K. It is known that the critical time 
period for the formation of NOx in CI engines is from the start of combustion to 
shortly after the occurrence of peak in-cylinder pressure [5]. As shown in Figure 
5.1, case 4 starts the combustion around -11º CA ATDC which is the earliest. 
Afterwards, the mixture burns and exists in a higher temperature atmosphere 
with ongoing compression stroke until the cylinder pressure reaches the peak 
value. Therefore, the critical time period for case 4 is the longest, hence 
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producing extremely high NOx level which is up to 700 ppm. 
 
Figure 5.4 The concentration of NOx and soot emission at exhaust valve open 
 
It is interesting to note that the base case and case 2 could produce NOx 
emissions at an acceptable level and realize high peak pressure combustion. 
This supreme advantage for DFM could be attributed to the reduced local high 
temperature region caused by homogeneously distributed premixed fuel, as 
shown in Figure 5.5. However, the NOx which is about 230 ppm for case 2 is a 
little bit higher than that of the base case which is about 170 ppm. This maybe 
because the longer critical time in high temperature region for case 2 where 
ignition delay is shorter compared to the base case. 
Therefore, the fuel reactivity gradient could help retard the ignition and 
consequently cut the critical time period in local high temperature region, 




 Base case Case 2 Case 3 Case 4 
 
    
 
    
Figure 5.5 The temperature (K) and NOx emissions (mass fraction) distribution at 2º CA 
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5.3.2.2 Soot emissions 
Figure 5.4 (b) shows the concentration of soot emissions at the exhaust 
valve open. The base case produces the lowest level of soot emissions, followed 
by cases 2 to 4, in that order. Figure 5.6 demonstrates the ER in the cylinder and 
the corresponding soot emissions distribution at 15º CA ATDC for all cases. As 
can be observed, the soot generates near the cylinder wall for all cases. This is 
because most of the fuel spray enters into squish region and some of it enters 
into bowl area, such that part of the fuel clusters around cylinder wall to result 
in incomplete combustion, producing soot emissions. As mentioned, increases 
in soot emissions are observed for cases 2 to 4 compared with the base case. 
Furthermore, the level of the generated soot emissions from BFM (cases 3 and 
4) combustion is higher than that from DFM (base case and case 2) combustion. 
Hence, it could be inferred that the soot emissions could be reduced with 
premixed fuel in-cylinder. As is known, the soot emissions forms in the fuel rich 
region where there is no enough oxygen to fully oxidize it. 
As shown in Figure 5.6, the blend fuel in BFM combustion mainly clusters 
around the squish region to form a fuel rich zone; in contrast, for DFM 
combustion, a zone that is less fuel rich near the cylinder wall is formed because 
half amount of the fuel has been premixed and homogeneously distributed in 
both squish and bowl regions. Therefore, it could be inferred that premixed fuel 
strategy could reduce the soot emissions. 
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However, it could also be found in Figure 5.4 that the level of soot 
emissions of case 2 is higher than that of the base case. As shown in Figure 5.6, 
the ER and soot emissions of the base case are both lower compared with those 
of case 2. The reduced soot emissions for the base case could be attributed to 
the existence of fuel reactivity gradient which slows down the process of heat 
release and provides more time for air-fuel mixing. As discussed in the 
combustion characteristics section, case 2 is without fuel reactivity gradient, 
thereby advancing the start of ignition timing and generating high HRR during 
the working process. As the SOI timing for the base case and case 2 is the same 
(-35º CA), less time could be used for case 2 to form a relatively low ER 
mixture. In comparison, more time is provided to the base case to avoid high 
ER region near cylinder wall, subsequently reducing the soot emissions. 
5.4 Summary 
In this chapter, RCCI combustion, as the base case, has been compared 
with three hypothetical cases to investigate the superiority of introducing the 
reactivity stratification of RCCI mode. Based on the comparisons of in-cylinder 
pressure, HRR, PRR and species concentrations among the four manipulated 
cases, the combustion characteristics and pollutant formation have been 
discerned. It is found that the fuel reactivity gradient can retard the ignition 
timing, reduce HRR, and lower PPRR. Furthermore, the retarded ignition timing 
could reduce the critical time period for the generation of NOx emissions and 
provide more time for air-fuel mixing, thereby producing less NOx and soot 














Chapter 6 Effects of fuel ratio and SOI timing on the 
RCCI engine fueled by gasoline/biodiesel 
6.1 Introduction 
In this study, biodiesel is considered as the direct-injected fuel in the RCCI 
engine. From the literature review, it can be known that very few studies have 
been focused on the combustion of the gasoline/biodiesel fueled RCCI engine. 
Recently, biodiesel has been extensively explored as substitute of diesel in 
diesel engines; because from environmental perspective, biodiesel is renewable 
and biodegradable [62, 119]. However, due to the differences of physical (e.g., 
viscosity) and chemical properties (e.g., CN) existing between diesel and 
biodiesel, the spray evaporation process and ignition characteristics in a 
biodiesel fueled diesel engine will be different from a conventional diesel 
engine; subsequently, performance and emissions could be affected. It was 
reported that in most of the study cases, CO, UHC and soot emissions were 
decreased and NOx emissions were increased in biodiesel fueled diesel engines 
[62]. A hypothesis could be postulated that the use of biodiesel in RCCI engines 
would decrease the NOx emissions compared to pure biodiesel fueled engines, 
since RCCI combustion has been demonstrated as a clean combustion strategy 
compared to other combustion mode, as concluded in Chapter 5. 
Two controllable parameters, namely fuel ratio and SOI timing, are 
considered in this study. The variations on fuel ratio and SOI timing can affect 
the formation of reactivity gradient in the cylinder. Thus, numerical simulations 
were conducted with the gasoline ratio varying from 0.0 to 0.8 under two SOI 
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timings, namely C-SOI (conventional SOI) and A-SOI (advanced SOI). 
Comparisons on combustion characteristics and emissions under various 
conditions were conducted [84]. 
6.2 Study cases 
In this study, based on the initial and boundary conditions of validation 
Case 1, as described in Section 4.3.2.2, only the gasoline ratio was varied to find 
its effect on gasoline/biodiesel RCCI combustion. That is to say the total energy 
input, initial pressure and temperature were kept the same as Case 1. The 
gasoline ratio γ is calculated by: 
 
LRF LRF
HRF HRF LRF LRF
m LHV




Where LRFm  and HRFm  are the mass flow rates of gasoline and biodiesel, 
LRFLHV  and HRFLHV  are the lower heating values of gasoline and biodiesel in 
this study, respectively. 
Table 6.1 summarizes the designed simulation cases. At first stage, the 
gasoline ratio γ was swept from 0.0 (i.e., validation Case 1) to 0.8 at an interval 
of 0.1 with C-SOI timing of -7º CA ATDC. Meanwhile, the injection duration 
of biodiesel was consequently reduced to maintain the same injection rate for 
all cases, thereby retaining the same air-fuel mixing process. Then, the SOI 
timings of all the cases studied at the first stage were advanced from C-SOI to 
A-SOI. The A-SOI timing was selected as -35º CA ATDC in this study. 
6.3 Results and discussion 
The combustion characteristics and emissions formation are compared 
among the swept gasoline ratios from 0.0 to 0.8 for the C-SOI and A-SOI 
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strategies as described above. 
Table 6.1 Operating conditions for simulation cases 
γ 
Biodiesel flow rate 
g/cycle 




0.0 0.01080 0.00000 7.0 
0.1 0.00971 0.00095 6.3 
0.2 0.00861 0.00190 5.6 
0.3 0.00752 0.00285 4.9 
0.4 0.00642 0.00380 4.2 
0.5 0.00533 0.00475 3.5 
0.6 0.00425 0.00570 2.8 
0.7 0.00317 0.00666 2.1 
0.8 0.00210 0.00761 1.4 
Note: Other parameters settings: 
(a) Engine speed: 1400 rpm; 
(b) Global ER is about 0.29; 
(c) SOI timings: -7 and -35º CA ATDC; 
6.3.1 Combustion characteristics 
6.3.1.1 In-cylinder pressure and ignition delay 
Figure 6.1 shows the in-cylinder pressures of the engine with varied 
gasoline ratios while using two different SOI timings. Comparing Figure 6.1 (a) 
and (b), there is not a clear trend in C-SOI case; in contrast, in A-SOI case, the 
peak pressure is higher with more premixed gasoline. In addition, there is no 
combustion observed in the case with 100% of gasoline. This may be due to two 
reasons. The first is that for the gasoline fueled HCCI combustion, a fuel-lean 
mixture was formed in the cylinder when the same boundary condition is used 
as the diesel combustion. Secondly, the gasoline is also difficult to be ignited 
due to its high ON. 
Furthermore, Figure 6.2 demonstrates the ignition delays of the 
investigated cases. In this study, the ignition delay is defined as the crank angle 
interval between the SOI timing of biodiesel and CA5, which means the crank 
angle where 5% of heat is released. It is interesting to note that with C-SOI, as 
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gasoline ratio increases from 0.0 to 0.8, the ignition delays are almost the same 
but with a slightly downward trend. However, when SOI is advanced to -35º CA 












Figure 6.2 Effects of gasoline ratio on ignition delay with different SOI timings 
 
It is known that the gasoline has low reactivity; consequently more 
gasoline is believed to lead to longer ignition delay. However, it turns out that it 
is not the case with C-SOI, where the ignition delays are almost the same. This 
could be explained by considering the high compression ratio of the diesel 
engine, which is 16.7 in this case. The homogeneous gasoline-air mixture would 
be compressed to a state with high temperature and pressure near TDC. When 
biodiesel is injected into the cylinder near TDC, it could easily trigger the 
ignition of mixture, which will balance the low reactivity brought by gasoline 
in the cylinder. 
In addition, for different SOI timings, the maximum PRR shows opposite 
trends with the increased gasoline ratio (Figure 6.3). With C-SOI, more gasoline 
could mitigate maximum PRR slightly as a result of the slightly shortened 
ignition delay. Shortened ignition delay will reduce the time for the entrainment 
of gasoline-air mixture into the biodiesel spray; subsequently, slightly larger 
reactivity gradient exists in the cylinder to slow down the pressure rise process. 
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The same rationale applies to explain the increase trend with A-SOI. 
Lengthened ignition delay by increased premixed gasoline provides adequate 
time for the entrainment of gasoline-air mixture into the biodiesel spray, thereby 
forming a less reactivity gradient mixture and resulting in faster combustion. 
Furthermore, though the ignition delay of A-SOI is longer than that of C-SOI 
(Figure 6.2), the maximum PRR is not always higher. The high PRR, exceeding 
acceptable limit (i.e., 10 bar/CAD), is not expected during engine operation. 
With C-SOI, all cases could satisfy the acceptable limit of PRR; in contrast, with 
A-SOI, the maximum PRR is unacceptable when gasoline ratio exceeds 0.6. 
 
Figure 6.3 Effects of gasoline ratio on maximum PRR with different SOI timings 
 
6.3.1.2 Heat release rate 
Figure 6.4 displays the HRR versus crank angle. With C-SOI, the HRR 
profiles are more or less the same. In contrast, with A-SOI, TSC is obvious for 
all given gasoline ratios. At the LTHR stage, more gasoline lowers the peak 
HRR, as shown in the enlarged figure; on the other hand, it will increase the 
peak HRR and shorten the duration of HTHR stage. It is known that biodiesel 
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is a two-stage fuel which is the same as diesel. Hence, it could be inferred that 
the HRR profile of LTHR stage depends on the biodiesel since the lower peak 
HRR is observed with less biodiesel. 
 
(a) conventional SOI 
 
(b) advanced SOI 
Figure 6.4 HRR with different fuel ratios 
 
As for HTHR stage, it relies more on the premixed gasoline. Generally, the 
shorter and faster heat release process with more gasoline is due to a relatively 
more homogeneous mixture formed in the cylinder. The gasoline contributes to 
this homogeneous mixture in two manners. The first one is that more premixed 
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gasoline in cylinder will naturally bring a more homogeneous mixture by 
reducing biodiesel spray. The other one is the inherent property, high ON, which 
increases ignition delay to provide longer time for biodiesel mixing with 
gasoline-air mixture, and finally to lessen the heterogeneity caused by the 
injection of biodiesel. Furthermore, more gasoline will result in a relatively 
richer gasoline-air mixture, thereby leading to the faster heat release process. 
6.3.1.3 Combustion duration and combustion phasing 
Figure 6.5 compares the combustion duration and combustion phasing 
between two SOI timings with different gasoline ratios. Combustion duration is 
defined as the interval between CA5 and CA90, which are the crank angles 
when 5% and 90% of heat release are completed, respectively. In terms of 
combustion duration, as seen from Figure 6.5 (a), it is shortened with the 
increase in gasoline ratio regardless of SOI timing. Varying gasoline ratio from 
0.0 to 0.8, combustion duration decreases from 20º to 10º CA with C-SOI and 
from 80º to 5º CA with A-SOI. This could also be implied from the shorter heat 
release duration as discussed for A-SOI. In the cases with gasoline involved, 
once combustion starts, the gasoline which is homogeneous would deplete 
simultaneously; thus, more gasoline leads to shorter combustion duration. In 
addition, more gasoline results in richer gasoline-air mixture, which also 
supports the auto-ignition of gasoline and the rapid heat release process. The 
rather long combustion duration with A-SOI under low gasoline ratio (such as 
0.0 and 0.1) are caused by poor mixing process in squish region. This will be 
further discussed in soot emissions subsection. 
Figure 6.5 (b) shows the combustion phasing CA50, the crank angle when 
50% of heat is released. It is observed that the combustion phasing fluctuates 
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over the swept gasoline ratios with C-SOI; however, it significantly shifts 
backwards to TDC with A-SOI. The less variation of CA50 with C-SOI may be 
due to the low sensitivities of ignition delay and combustion duration to gasoline 
ratios. Comparatively, the significant shift with A-SOI might be resulted from 
the large variations of ignition delay and combustion duration. 
 
(a) Combustion duration 
 
(b) CA50 




6.3.2 Emissions formation 
6.3.2.1 ϕ-T map analysis 
Figure 6.6 illustrates the ϕ-T maps at CA50 for four selected conditions, 
namely γ=0.0 with C-SOI, γ=0.8 with C-SOI, γ=0.0 with A-SOI and γ=0.8 with 
A-SOI.  
 
Figure 6.6 ϕ-T maps at CA50 
 
As seen from Figure 6.6, ignoring SOI timing, with more gasoline 
premixed (γ=0.8), the distribution of scatters is rather flat. The ERs of all the 
cells in cylinder are within the range of 0.0 to 1.0. In contrast, the pure biodiesel 
combustion (γ=0.0) shows a more varied behavior, which is expected because 
of the diffusion combustion. Also, it is notable that with C-SOI, ERs cover the 
range from 0.0 to 3.5; whereas with A-SOI, the range is even wider, from 0.0 to 
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9.0. Above all, it could be inferred that the reduced biodiesel, accompanied by 
the increased premixed gasoline, could avoid high ER regions, consequently 
lowering the tendency of generating soot. With more gasoline, except for the 
reduction on high ER cells, the number of cells with high temperature is also 
decreased. The comparison between A-SOI cases is more obvious. 
Ignoring gasoline ratio, the comparisons between C-SOI and A-SOI 
indicate an opposite trend. With γ=0.0, the ϕ-T of A-SOI covers a larger area 
than that of C-SOI; in contrast, with γ=0.8, the ϕ-T of A-SOI covers a smaller 
area than that of C-SOI. For the cases with γ=0.0, the covered temperature range 
of A-SOI does not change significantly compared with that of C-SOI, but the 
highest ER reaches at 9.0. For the cases with γ=0.8, the flat distribution of cells 
shifts towards the regions with lower ERs and lower temperatures. When γ=0.8, 
with C-SOI, cells cover the ER range from 0.0 to 1.0 and the temperatue range 
from 1000 to 2700K. In contrast, with A-SOI, cells cover the ER range from 0.0 
to 0.6 and the temperatue range from 1000 to 2200K. Overall, the effect of SOI 
timing is not definite. Reasons will be given later. 
6.3.2.2 NOx emissions 
Figure 6.7 displays the variation of NOx emissions over the swept gasoline 
ratios and the temperature contours at CA50 for the same four operating 
conditions in ϕ-T map analysis. As the gasoline ratio increases, with C-SOI the 
NOx shows a gradual but fluctuating downward trend; in contrast, with A-SOI 
it shows a sharper but steady downward trend. It could be implied that generally 
increase in gasoline ratio could reduce NOx emissions. As temperature is the 
major factor to the formation of NOx emissions, it could be inferred that increase 
in gasoline would reduce the highest temperature attained. Such inference is 
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supported by ϕ-T map analysis, as well as the temperature contours. Comparing 
temperature contours between γ=0.0 and γ=0.8 by ignoring SOI timing, the 
temperature distribution is more homogeneous with γ=0.8. Therefore, the 
absence from high temperature region could be explained by the homogeneity 
of combustion in the cylinder as discussed. More gasoline leads to more 




Figure 6.7 Comparison on NOx emissions with selected temperature contours at 
CA50 
 
Further observations could be made from Figure 6.7 that when gasoline 
ratio exceeds 0.2, A-SOI could reduce NOx emissions compared with C-SOI. 
This might be due to the extended ignition delay of A-SOI which provides 
enough time for air-fuel mixing. Subsequently, more homogeneous combustion 
could happen, and then avoid local high temperature regions. As demonstrated 
in temperature contours (comparing between A-SOI and C-SOI ignoring 
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gasoline ratio), the temperature distribution is more homogeneous with A-SOI. 
However, the final value of NOx emissions is at the same or even higher level 
when gasoline ratio equals to 0.0 or 0.1 compared with that adopting A-SOI 
(Figure 6.7). This unexpected result may be due to the longer residence time of 
HTHR. For less premixed gasoline with A-SOI, the combustion duration is very 
long, as displayed in Figure 6.5 (a); hence, the residence time of HTHR is long 
enough to counterbalance or overtake the influence caused by the homogeneity 
of combustion due to the extended ignition delay. Consequently, the final NOx 
is not reduced by A-SOI when gasoline ratio is very small. 
6.3.2.3 Soot emissions 
Figure 6.8 displays the variation of soot emissions over the swept gasoline 
ratios and the ER contours at CA50 for the same four operating conditions in ϕ-
T map analysis. Overall, with A-SOI higher levels of soot emissions are 
generated compared with C-SOI. High ER is the major contributor to the 
generation of soot emissions. Regardless of the effect of SOI timing, it is 
obvious that more premixed gasoline (fewer injected biodiesel) could decrease 
high ER regions caused by the diffusion combustion of the injected biodiesel. 
Further comparisons are carried out on ER contours between different SOI 
timings. When γ=0.8, ER in cylinder is out of the range of generating soot 
emissions for both SOI timings. Hence, negligible soot emissions are observed. 
In contrast, when γ=0.0, final soot emissions of A-SOI are much higher than 
that of C-SOI. The fuel spray targeting area might be responsible for such an 
increase in soot emissions with A-SOI. With A-SOI the biodiesel spray targets 
at squish region instead of bowl region due to unchanged spray angle (78º). 
Therefore, high ER regions are distributed at squish region for A-SOI and at 
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bowl region for C-SOI. The evaporation of fuel spray in squish region is not as 
good as that in bowl region. In bowl region, strong squish could enhance the 
evaporation and fuel-air mixing processes; in contrast, the weak air movement 
in squish region does not contribute to good evaporation significantly. Thus, 
longer ignition delay of A-SOI still forms relatively high ER regions at squish 
region. Also, this poor evaporation results in longer combustion duration which 
means more soot emissions could be generated when the high ER atmosphere 
exists longer. Thus, the final soot emissions with A-SOI are much higher than 
that with C-SOI. 
 
 
Figure 6.8 Comparison on soot emissions with selected ER contours at CA50 
 
To further prove the effect of spray targeting area, additional run was 
carried out. In the additional simulation, all the conditions were kept the same 
as the case of gasoline ratio γ=0.0 with A-SOI, except for the spray angle was 
narrowed down to 66º. Table 6.2 compares the final soot emissions and ER 
contours at CA50 between two spray angles, namely 78º and 66º. Significant 
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reduction on soot emissions is achieved by narrowing spray angle. Due to the 
narrowed spray angle, strong squish in bowl region could promote faster 
combustion, subsequently reducing residence time on high ER region. Also, 
comparing the ϕ-T map of the additional run at CA50 (Figure 6.9) with the one 
of γ=0.0 with A-SOI in Figure 6.6, the highest ER formed in bowl region is less 
than that formed in squish region. Consequently, lower soot emissions are 
generated by narrowing spray angle, thereby proving the importance of the 
selection on spray angle with A-SOI. 
Table 6.2 Comparison on soot and ER with different spray angles 
Spray angle (º) 78 66 
CA50 (º CA ATDC) -3.87 -8.16 





Soot (ppm) 8.84 0.85 
 
 
Figure 6.9 ϕ-T map at CA50 under condition: γ=0.0; A-SOI; spray angle 66º 
6.4 Summary 
In this chapter, gasoline/biodiesel fueled RCCI combustion has been 
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numerically studied. Gasoline ratio and SOI timing were varied to gain 
knowledge on their impacts. Comparing combustion characteristics (in-cylinder 
pressure, HRR, maximum PRR, ignition delay, combustion duration, 
combustion phasing) and emissions formation (ϕ-T map analysis, NOx and soot) 
among investigated cases, some conclusions can be drawn: 
(1) More gasoline in RCCI leads to more homogeneous combustion. 
(2) The increases in gasoline could reduce NOx and soot emissions 
regardless of SOI timings. 
(3) In contrast to C-SOI, the adoption of A-SOI timing results in relatively 
lower NOx, but higher soot emissions. This higher soot is due to the fuel 
impingement on the liner and the piston as the injection timing is advanced. 
Future work could be done on the interactions between SOI timings and 




Chapter 7 Effect of piston bowl geometry on the RCCI 
engine fueled with gasoline and biodiesel 
7.1 Introduction 
In the previous chapter, the effects of fuel ratio and SOI timing have been 
investigated. The results showed that less NOx emissions were generated in 
gasoline/biodiesel fueled RCCI engine compared to conventional diesel engine 
fueled with pure biodiesel. In this study, to further optimize the 
gasoline/biodiesel fueled RCCI combustion, the effect of piston bowl geometry 
was taken into consideration. The piston bowl geometry plays an essential role 
in facilitating the mixing of air and fuel within the combustion chamber [32, 
120]. As the RCCI engine was modified from a diesel engine in which the 
combustion is mixing-controlled, the piston bowl geometry designed for CDC 
may not be suitable for RCCI combustion. Thus, it is necessary to find suitable 
pistons and further improve the performance of RCCI engines. 
It is known from the literature review that the piston related studies carried 
out so far were focused on the RCCI combustion at low engine speed where the 
surface area of a piston can play a crucial role on the combustion process [61]. 
Thus, in this chapter, three different bowl geometries have been simulated in 
gasoline/biodiesel fueled CI engines at high engine speed. 
7.2 Piston bowl geometries 
In this study, the piston bowl OCC (Omega Combustion Chamber) of the 
multi-cylinder engine (in Section 3.4.1) was selected as the base with the 
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compression ratio of 18.5. To study the bowl geometry effect, two other shapes 
of SCC (Shallow depth Combustion Chamber) and HCC (Hemispherical 
Combustion Chamber) bowl geometries with the same compression ratio as 
OCC were created based on the configurations presented by Jaichandar et al. 
[121]. Due to the six holes fuel injector design of the baseline engine, the 
computational domain was reduced from 360° to 60° to ease the burden of 
computation. Furthermore the cell size of each generated medium mesh for SCC 
and HCC was chosen to be the same as that for OCC. The generated grids for 
all the three different bowl geometries are illustrated in Figure 7.1. In addition, 
the piston surface areas are 8118, 8192, 10456 mm2 for HCC, SCC and OCC, 
respectively. The effect of three different pistons on a diesel engine fueled with 
pure biodiesel has been investigated in our previous study [61]. It is known that 
during the compression stroke in the bowl, OCC can form the strongest squish 
flow, then followed by HCC; SCC generates the weakest among the three. 
   
(a) HCC (b) SCC (c) OCC 
Figure 7.1 Generated grids of bowl geometries 
7.3 Validation 
In this study, the validation case was selected at high engine speed and 
further used as the base case. Thus, the reaction mechanism developed in 
Chapter 4 is also validated against the experimental data measured from the 
multi-cylinder engine (Section 3.4.1) fueled by pure biodiesel at high engine 




Table 7.1 lists the engine operating condition. Figure 7.2 compares the in-
cylinder pressure and HRR between experiments and simulation. Though a 
slightly over-prediction on pressure and HRR can be observed, the 
discrepancies are still acceptable. 
Table 7.1 Operating conditions for the validation case 
Engine type Toyota 2KD-FTV 
Engine speed (rpm) 3600 
Pressure at IVC (bar) 1.89 
Biodiesel consumption (kg/h) 11.34 
Gasoline consumption (kg/h) 0.0 
SOI (ATDC) -11.0 
 
 
Figure 7.2 validation results on gasoline/biodiesel and pure biodiesel combustion 
 
7.4 Study cases 
To design study cases, the total energy input remains constant, gasoline is 
premixed in the cylinder with the energy percentages of 20% and 40%, 
respectively; accordingly, the percentages of biodiesel decrease to 80% (B80) 
and 60% (B60). It should be noted that to further increase gasoline ratio, the 
abrupt PPRR is unacceptable due to the absence of EGR. Thus, the results with 
more premixed gasoline (40% above) will not be presented. Moreover, the SOI 
timing of the base case is -11º CA ATDC, which results in the mixing-controlled 
combustion [21]. To form the reactivity-controlled combustion, the SOI timing 
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is further advanced to -35 and -60º CA ATDC. Thus, for each bowl geometry, 
numerical simulations were conducted for B80 and B60, with SOI timings of -
11, -35, and -60º CA ATDC, respectively. 
7.5 Results and discussion 
7.5.1 Combustion characteristics 
7.5.1.1 In-cylinder pressure and heat release rate 
Figure 7.3 shows the in-cylinder pressure and HRR of B80 with SOI 
timings of -11, -35 and -60º CA ATDC. When SOI timing is -11º CA ATDC, the 
peak pressures from the highest to the lowest are of OCC, HCC and SCC, which 
is associated with the intensity of squish flow caused in piston bowl. This result 
indicates that with late SOI timing, the combustion process is strongly 
dependent on the mixing of fuel and premixed mixture, and the OCC can 
provide better combustion. By advancing SOI timing, the combustion mode 
gradually transits from mixing-controlled to the reactivity-controlled [21]. With 
SOI is -35º CA ATDC, OCC still shows the highest peak pressure; however, 
HCC could not show superiority compared to SCC. Further advancing SOI 
timing to -60º CA ATDC, SCC can achieve a slightly higher peak pressure than 
HCC and OCC. This indicates that the squish flow in piston bowl cannot prevail 
the combustion process when the mode is reactivity-controlled. The evaporation 
of fuel of the reactivity-controlled combustion mainly happens in squish region 
because of the early SOI timing. The slightly higher peak pressure of SCC may 
be due to its wider throat diameter by which the squish flow formed in the bowl 
can be pushed much far away from the centerline of the bowl, as shown in 
Figure 7.4, which displays the vector of squish flow. This far-away squish flow 
 115 
 
of SCC can contribute to a better mixing of the evaporated fuel and air in squish 
region, subsequently resulting in a better combustion. Moreover, the highest 
peak pressure of SCC may be also partly due to the reduced heat losses caused 
by the less surface area. Also, it is worth noting that by advancing SOI timing 
from -11 to -60º CA ATDC, the combustion mode transits from SSC to FSC and 
then TSC [82]. 
 
Figure 7.3 In-cylinder pressure and HRR of B80 
 
 
(a) HCC (b) SCC (c) OCC 
Figure 7.4 Vector (Length(cm)/magnitude = 0.0002) for B80 with SOI timings of 




Figure 7.5 displays the in-cylinder pressure and HRR of B60 with SOI 
timings of -11, -35 and -60º CA ATDC. Compared to B80, B60 can create 
relatively higher reactivity difference. With SOI timings of -11º CA ATDC, the 
peak pressures are still following the trend as shown in Figure 7.3 (B80) which 
indicates the combustion is still mixing-controlled; however, the gaps among 
the peak pressures are reducing. When SOI timing is advanced to -35º CA 
ATDC, the peak pressure of OCC reduces. With SOI timing of -60º CA ATDC, 
same trend on peak pressure is observed with those of B80. Thus, SCC can 
achieve the highest peak pressure during RCCI combustion. 
 
Figure 7.5 In-cylinder pressure and HRR of B60 
 
7.5.1.2 Maximum pressure rise rate 
Figure 7.6 compares the maximum PRR. The acceptable limit of maximum 
PRR is chosen as 10 bar/deg. As shown in the figure, only B80 with SOI timing 
of -11 and -60º CA ATDC can satisfy the criterion. The other operating 
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conditions would suffer the unacceptable engine knocking. The high maximum 






Figure 7.6 Maximum PRR of B80 and B60 
 
When the premixed gasoline increases to 40%, i.e., B60, the maximum 
PRRs all exceed 10 bar/deg regardless of the SOI timings. The fast combustion 
with higher gasoline ratio is due to the fast combustion resulted from gasoline-




7.5.1.3 Combustion duration 
Figure 7.7 shows the combustion duration for (a) B80 and (b) B60 with 
SOI timings of -11, -35 and -60º CA ATDC. From Figure 7.7 (a) and (b), it can 
be seen that with SOI timing of -11º CA ATDC, the combustion duration has a 
negative correlation with the squish flow in the bowl. SCC which has the 
weakest squish flow can achieve the longest combustion duration. However, 
when SOI timing is advanced to -60º CA ATDC, the combustion duration of 
HCC and OCC can be extended to more than 100º; in contrast, the duration of 
SCC is about 60º. 
The relatively short combustion duration with SOI timing of -11º CA 
ATDC is due to the mixing-controlled combustion as mentioned. The stronger 
squish flow in OCC results in a better mixing process between biodiesel and 
gasoline-air mixture, subsequently completing combustion at a rapid rate. When 
the combustion mode transits to the reactivity-controlled where the mixing 
process of fuel cannot dominant the combustion process, SCC achieves 
relatively short combustion duration, though this duration is longer compared 
to that of all the pistons with SOI timings of -11 and -35º CA ATDC. This short 
combustion duration of SCC with SOI of -60º CA ATDC can be attributed to 
the stronger squish flow far away from the centerline caused by the wide throat 
diameter. This far-away strong flow can enhance the air/fuel mixing process and 
consequently the combustion in the squish region. In addition, the reduced heat 
losses of SCC caused by a smaller piston surface area may also contribute to the 







Figure 7.7 Combustion duration with SOI timings of -11, -35 and -60º CA ATDC 
7.5.2 Engine performance 
Figure 7.8 displays the IMEP for (a) B80 and (b) B60 with SOI timings of 
-11, -35 and -60º CA ATDC. As can be observed from Figure 7.8 (a) and (b), 
with B80, OCC and HCC, which have stronger squish flow, can generate the 
highest IMEP when SOI timing is -11º CA ATDC. This result can be inferred 
from the peak pressure observed in Figure 7.3. When SOI timing is -11º CA 
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ATDC, the fuel is injected into the bowl region of the combustion chamber. 
Thus, in contrast to HCC and SCC, the strong squish flow of OCC bowl 





Figure 7.8 IMEP with SOI timings of -11, -35 and -60º CA ATDC 
 
However, when the SOI timing is advanced to -60º CA ATDC, the best 
performance is observed for SCC. This is because SCC can achieve better 
combustion (higher peak pressure) when the fuel is injected into the squish 
region of the bowl. The degraded performance for OCC and HCC may be due 
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to the longer combustion duration. 
7.5.3 Emissions formation 
7.5.3.1 CO emissions 
Figure 7.9 compares the CO emissions for B80 and B60 with SOI timings 
of -11, -35 and -60º CA ATDC. Similar trends are observed for B80 and B60. 
With SOI timing of -11º CA ATDC, CO levels for all three pistons are almost 
the same. With advancing SOI timing to -35º CA ATDC, CO of HCC 
significantly increases whereas the other two remains at the low levels. Further 
advancing SOI to -60º CA ATDC, both HCC and OCC generates high CO 
emissions. 
Figure 7.10 shows the spatial CO distribution and the vector for B80 with 
SOI timings of -35º CA ATDC at the crank angle of 25º. The CO of HCC and 
SCC are mainly generated in the bowl region; in contrast, the CO of OCC is 
mainly at squish region. This indicates that the combustion of HCC and SCC 
happens in the bowl and that of OCC happens in the squish region. This is 
because when SOI timing is -35º CA ATDC, the fuel spray still targets at bowl 
region of HCC and SCC due to their wider throat diameter compared to OCC. 
However, the CO of HCC generated in the bowl could not be further oxidized 
due to the weak mixture flow as implied from the length of the vector, as shown 
in Figure 7.10 (a). In contrast, the CO generated in SCC can be further oxidized 
because of the stronger flow during combustion stroke. 
With SOI timing of -60º CA ATDC, the fuel spray targets at squish regions 
for all three pistons. The high CO for HCC and OCC could be attributed to the 
much extended combustion duration (above 100º CA) as shown in Figure 7.7. 
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When the combustion duration is very long, the in-cylinder temperature at the 
end of the combustion process could be much lower which is not in favor of the 
oxidation of CO emissions. Thus, compared to HCC and OCC, SCC can achieve 














 (a) HCC (b) SCC (c) OCC 
 
Figure 7.10 Spatial CO distribution and vector (Length(cm)/magnitude = 0.0001) for B80 with SOI timings of -35º CA 
ATDC at crank angle of 25º 
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7.5.3.2 NO emissions 
Figure 7.11 shows the NO emissions for B80 and B60 with SOI timings of 





Figure 7.11 NO emissions with SOI timings of -11, -35 and -60º CA ATDC 
 
With B80, when the SOI timing is -60º CA ATDC, similar levels of NO 
emissions were found for the three piston bowls. Significant high NO can be 
seen for OCC piston bowl when the SOI timings are -11 and -35º CA ATDC. 
This high NO is resulted from the high temperature as implied from the peak 
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HRR shown in Figure 7.3. Similarly, with B60, the NO levels with SOI timings 
are associated with the peak pressure observed in Figure 7.5. 
It is interesting to notice that when the combustion is reactivity-controlled, 
OCC generates relatively lower NO. The possible reason could be the relatively 
poorer combustion of OCC as implied from the pressure histories. Another 
reason could be the large surface area of OCC contributes to the heat losses 
which would subsequently lower the in-cylinder temperature. The in-cylinder 
temperature can be demonstrated in Figure 7.12, which is the ϕ-T (ER-
Temperature) diagram [84] for OCC and SCC when the SOI timing is -60º CA 
ATDC with B60. The overall temperature distribution of OCC is lower 
compared to that of SCC. 
  
(a) OCC at CA50 (b) SCC at CA50 
Figure 7.12 ϕ-T map for B60 with SOI timings -60º CA ATDC 
 
7.5.3.3 Soot emissions 
Figure 7.13 displays the soot emissions for B80 and B60 with SOI timings 
of -11, -35 and -60º CA ATDC. It can be observed that there is not too much 
difference on the soot emissions for the three bowl geometries. Although the 
results are close to each other, OCC demonstrates relatively lower soot under 








Figure 7.13 Soot emissions with SOI timings of -11, -35 and -60º CA ATDC 
 
Figure 7.14 shows the spatial temperature and ER distribution for B60 with 
SOI timings of -60º CA ATDC at CA50. The vector in the cylinder is also 
presented along with the temperature distribution. It can be seen that OCC can 
generate strong flow near the cylinder liner compared to HCC and SCC, thus 
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providing a better mixing process and subsequently resulting in local low ER 
regions. Consequently, OCC generates relatively lower soot emissions 
compared to HCC and SCC. 
7.6 Summary 
Three bowl geometries, namely HCC, SCC and OCC, were examined in a 
gasoline/biodiesel fueled RCCI engine by numerical approach. The engine 
simulations were conducted for the bowl geometries with 80% and 60% of 
direct-injected biodiesel while adopting SOI timings at -11, -35 and -60º CA 
ATDC, respectively. The results on combustion characteristics, engine 
performance and emissions were compared. It is found that original designed 
OCC for diesel engine is better for the mixing-controlled combustion. However, 
it is not suitable for the reactivity-controlled combustion due to its narrowed 
squish flow effect and its higher heat losses caused by larger surface area. In 
contrast, SCC is better for RCCI to achieve better combustion process and 











 (a) HCC (b) SCC (c) OCC 
 
Figure 7.14 Spatial temperature with vector (Length(cm)/magnitude = 0.0002) and ER for B60 with SOI timings of -60º CA 
ATDC at CA50 
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Chapter 8 Optimization of an RCCI engine by 
techniques of DoE and modelling 
8.1 Introduction 
In the previous chapters, a reaction mechanism that could mimic the 
combustion of gasoline/diesel and gasoline/biodiesel was firstly developed and 
validated against experimental data. Then, this mechanism was integrated into 
KIVA4-CHEMKIN code to undertake some parametric studies on the RCCI 
engines. Those routinely conducted parametric study can only show the effect 
of each parameter on the engine performance and emissions formation. It cannot 
help researchers identify optimal conditions. In this chapter, a systematic 
approach was proposed to optimize the RCCI engines. This approach contains 
traditional statistical methods and conventional analysis tool for engine 
application. 
In this chapter, as an illustration, the proposed approach was used to 
optimize a NG and diesel fueled RCCI engine. The optimization process follows 





8.2.1 Optimization process 
Figure 8.1 displays the general process on the optimization of an RCCI 
engine in this study. At the first stage, a statistical technique, fractional factorial 
design, is used to study six factors (1st SOI timing, 1st injection duration, 2nd 
SOI timing, 2nd injection duration, the mass fraction of diesel in 1st injection, 
mass ratio of NG to the total air) at a time, subsequently screening out the crucial 
factors that could affect the engine power and the exhaust gas. Then, at the 
second stage, the screened factors together with EGR are varied at three levels 
to identify their effects on the combustion φ-T conditions. Those factors that 
can significantly control the in-cylinder φ-T distributions are further selected 
for the final optimization. At the last stage, due to the reduced number of 
important factors, full factorial design, which is also a statistical technique, can 
be practically employed to find the optimal condition. 
 
Figure 8.1 Illustration on the optimization process  
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8.2.2 Reaction mechanism and validation 
The proposed optimization approach was applied to the NG and diesel 
fueled RCCI engine. To simulate the combustion of NG and diesel, the DOS 
(diesel oil surrogate) chemical mechanism [112], which consists of 77 species 
and 354 reactions, was implemented in KIVA4-CHEMKIN code for detailed 
chemistry calculation. In the mechanism, C14H28 and CH4 represent the diesel 
and NG, respectively. In this mechanism, a global reaction is introduced in 
which C14H28 is decomposed into n-heptane (C7H16) and toluene (C7H8). The 
mechanism for methane is contained in DOS mechanism, including chain 
initiation (e.g., CH4 + O2 → CH3 + HO2), propagating (e.g., CH3 + O2 → CH2O 
+ OH) and branching reactions (e.g., CH2O + O2 → HO2 + HCO). To model the 
soot formation, a series of elementary reactions are included to form the first 
aromatic ring (A1). Following the formation of A1, a HACA mechanism 
(hydrogen abstraction and C2H2-addition) is introduced to form a chain of 
aromatic rings [114]. In this study, the formation of aromatic rings stopped at 
A2R5 (acenaphthylene). Then the soot was generated by a “graphitization” 
process: A2R5→4H2+12C(S). Meanwhile, the soot was formed from 
diacetylene by the reaction C4H2→4C(S)+H2. The oxidation of soot considered 
both O2 and OH [112]. The formation of NOx is driven by Zeldovich mechanism, 
N2O to NO and NO to NO2 branches [114]. 
A comprehensive validation was undertaken including pure diesel and 
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NG/diesel fueled combustion with single and double injection strategies [33]. 
Table 8.1 presents the engine specifications, operating conditions, and the 
sector meshes for validation. The experiments for Validations 1 and 2 were 
conducted in the engine laboratory at National University of Singapore. The 
experimental data for Validation 3 was collected from other literature [122]. 
Figure 8.2 compares the in-cylinder pressure and HRR between experiments 
and simulations. It can be seen that the discrepancies are acceptable; therefore, 
the models and the reaction mechanism used in this study are validated. 
Table 8.1 The engine specifications, operating conditions, sector mesh and validation 
 Validation 1 Validation 2 Validation 3  
Engine type Toyota 2KD-FTV OM-355 
Bore (mm) 92 128 
Stroke (mm) 93.8 150 
Displacement (L) 2.494 11.58 
Compression Ratio 18.5 16.1 
Injector nozzle number 6 4 
Engine speed (rpm) 1600 3200 2200 
Pressure at IVC (bar) 1.233 1.875 1.19 
Diesel fuel consumption 
(g/cycle) 
0.0191 0.0236 0.0092 
NG : diesel 0:100 0:100 12:88 
1st SOI (ATDC) -21 -14 -14 
1st ID (deg) 5 16 17 
2nd SOI (ATDC) -0.5 -- -- 
2nd ID (deg) 10.5 -- -- 
Sector mesh at TDC 
  
 
In the following optimization process, Validation 2 is selected as the base 





(a) Validation 1 
 
(b) Validation 2 
 
(c) Validation 3 




8.3 Screening factors by fractional factorial design 
8.3.1 Fractional factorial design 
In literature review, it is found that most of the experimental and numerical 
studies on RCCI engines have been routinely carried out by the “one factor at a 
time” approach, in which only one factor is varied while others are held at 
identical values. A major drawback of this method is that for a complex system 
such as an engine, the interactions between two or even more factors would be 
neglected. Fractional factorial design could be an effective way to achieving a 
better understanding of the fundamental processes of ICE, since it is an efficient 
statistical approach to looking into a multi-input and multi-output system and 
discovering the inputs that have a significant effect on each of the outputs; it is 
also possible to examine the interactions among the factors [123]. The technique 
of simultaneously varying the factors in a predetermined pattern derived from 
DOE theories has not been adopted generally; it is useful to rank and screen all 
the factors included in an injection strategy and find a promising direction for 
further optimization on RCCI engines. 
In the RCCI engine, many input parameters (referred to as “factors” in 
DOE) can be adjusted during the operation. Consequently, the outputs (referred 
to as “responses” in DOE) of the engine such as indicated power, fuel 
conversion efficiency, and pollutant emissions are the criteria for evaluating the 
engine [124]. The DOE approach could provide insightful results to identify the 
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key factors for each response, and set the direction for further sequential studies 
[125]. Some methods in the DOE area have been employed to investigate ICE. 
Wu and Wu [126] adopted Taguchi method to optimize a diesel engine with 
port-injected hydrogen. Bose et al. [127] proposed a Taguchi-fuzzy approach to 
optimize diesel-hydrogen dual fuel engine. Most recently, Beatrice et al. [16] 
applied full factorial techniques to improve the performance in a light-duty 
diesel engine fuelled with blends of biodiesel and diesel. 
For a full two-level (low and high level for each factor) factorial design, 
the number of runs will be 2k, where k is the number of factors. In this study, a 
total of 6 factors (namely 1st SOI timing, 1st injection duration, 2nd SOI timing, 
2nd injection duration, the mass fraction of diesel in 1st injection, mass ratio of 
NG to the total air) are taken into consideration, which means that 64 (26) runs 
are needed for a full two-level factorial design. Considering the time involved 
and computational burden of 64 runs, the number of runs can be reduced if the 
high order interactions are neglected, namely interactions among three or more 
than three factors which are often negligible in magnitude. The reduced factorial 
design is referred to as fractional factorial design. In this study, a fractional 
factorial design with 16 (26-2) runs (one quarter fraction of the 26 design) is 
adopted. 
Figure 8.3 illustrates the framework of the DOE method on the study of 
the engine process. In this study, six independent input factors are selected. By 
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adjusting the different factors according to a set pattern developed based on the 
theory of DOE, the corresponding values of responses are obtained. 
 
Figure 8.3 Framework of engine process with DOE including six factors and 
engine performance and emissions as the responses 
8.3.2 Study cases 
Table 8.2 lists the names of factors that correspond to the capital letters and 
the values of high and low levels needed in the experimental designs.  
Table 8.2 Factors with low and high levels 
Letter Factor Low level (-1) High level (1) 
A 1st SOI timing -80 °CA ATDC -40 °CA ATDC 
B 2nd SOI timing -20 °CA ATDC 0 °CA ATDC 
C 1st injection duration 4 °CA 15 °CA 
D 2nd injection duration 4 °CA 15 °CA 
E CH4/Air mass ratio 0 0.01 
F Diesel mass in 1st injection 40% 60% 
 
Table 8.3 shows the 26-2 fractional factorial design arrays. The generator 
for Factor E is ABC which means the effect of Factor E is contaminated by 
interaction among Factor A, B, C (likewise for the Factor F). It should be noted 
that no EGR is employed in those 16 simulations. 
In the 16 designed cases, the total fuel energy input is kept at a constant 
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value. To calculate the mass of NG and diesel, Eq. (8.1) is used. 
 dual fuel LRF LRF HRF HRFE m LHV m LHV    (8.1) 
where LRFm  and HRFm  are the mass of port injected fuel and direct injected 
fuel, respectively. LRFLHV  and HRFLHV  are the lower heating values of port 
injected fuel and direct injected fuel, respectively. In this study, 50MJ/kg and 
44.8 MJ/kg were used as the lower heating values of NG and diesel, respectively 
[19, 25]. 
Table 8.3 26-2 fractional factorial design arrays (1 represents high level; -1 represents 
low level) 
RUN NO. A B C D E(ABC) F(BCD) 
R1 -1 -1 -1 -1 -1 -1 
R2 +1 -1 -1 -1 +1 -1 
R3 -1 +1 -1 -1 +1 +1 
R4 +1 +1 -1 -1 -1 +1 
R5 -1 -1 +1 -1 +1 +1 
R6 +1 -1 +1 -1 -1 +1 
R7 -1 +1 +1 -1 -1 -1 
R8 +1 +1 +1 -1 +1 -1 
R9 -1 -1 -1 +1 -1 +1 
R10 +1 -1 -1 +1 +1 +1 
R11 -1 +1 -1 +1 +1 -1 
R12 +1 +1 -1 +1 -1 -1 
R13 -1 -1 +1 +1 +1 -1 
R14 +1 -1 +1 +1 -1 -1 
R15 -1 +1 +1 +1 -1 +1 
R16 +1 +1 +1 +1 +1 +1 
 
Finally, the indicated power and three pollutants, i.e., CO, NOx and soot, 
are obtained to evaluate the engine performance and emissions formation.  
8.3.3 Feasibility of fractional factorial design 
In this study, the statistical analysis on results is carried out by Minitab 
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software to get the main effects of factors, as well as interaction effects of multi-
factors. In DOE, the main effect is referred to as a change in response caused 
by changing one factor from low level to high level. An interaction between 
factors occurs when the change in response is not the same at all levels of the 
rest factors. Therefore, the interaction effect is defined as an average difference 
between two main effects of the same factor but at different levels. An effect 
with positive value indicates the impact that changing one factor from low to 
high level, the corresponding response will increase. Detailed description on the 
statistical analysis for fractional factorial design approach can be found in many 
books [123, 125, 128]. 
Figure 8.4 shows the main effects of all 6 factors on indicated power, CO, 
NOx and soot emissions. As is known, the RCCI concept is proposed as a means 
to achieve high efficiency and low emissions in ICE [4], the fractional factorial 
design approach illustrates that such impacts are mainly due to Factor E, the 
mass ratio of NG to air, rather than the injection strategy. As shown in Figure 
8.4, Factor E is the most significant one for improving indicated power, where 
the main effect is 2.52. Meanwhile, CO, NOx and soot emissions are 
simultaneously decreased. In contrast, Factors A and C have positive effects on 
increasing indicated power and reducing CO and soot emissions, but have 
negative impacts on NOx emission. However, Factors B, D and F have positive 
impacts on NOx emission, but lead to deterioration in indicated power. 
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Therefore, Factor E is the only factor which could increase indicated power and 
decrease all the emissions simultaneously. 
 
Figure 8.4 Main effects of all 6 factors to each response at speed of 3200 rpm 
 
In addition, comparing the results obtained by fractional factorial design 
with the previous studies based on the “one factor at a time” approach, similar 
findings could be obtained. For example, the range of 2nd SOI timing in this 
study is from -20 to 0ºCA ATDC, which intersects the range of SOI timings in 
[20]. As can be seen from Figure 8.4, it could be found that early 2nd SOI timing 
(Factor B) has a positive effect on soot, but a negative impact on NOx, which is 
the same as findings in [20]. Nevertheless, a reduction in NOx with early 1st 
SOI timing (Factor A) could be observed from Figure 8.4. This result also 
coincides with that reported in a previous study [40].  
Overall, the fractional factorial design method could reveal the same 
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results as the traditional “one factor at a time” approach. At the same time, more 
factors are considered in one study, hence improving the research efficiency in 
the ICE area. 
8.3.4 Performance of the engine 
Figure 8.5 is the Pareto chart of the effects on indicated power. In a Pareto 
chart, the factors are ranked in descending order from left to right. The factor 
located on the left is the most important one. Analyzing the data and figure, we 
found that Factor E (i.e. CH4/Air mass ratio), with an effect of +2.52, is the most 
dominant one to affect the indicated power of RCCI engine. Here, the positive 
value of the effect means increasing the fraction of NG could improve the 
performance significantly. 
 
Figure 8.5 Pareto chart of the effects on indicated power (kW) at speed of 
3200 rpm 
 
Figure 8.6 compares the in-cylinder pressure and HRR of R11 and R15 for 
a further explanation on the improved performance by increasing NG 
percentage. Although Factor C (1st injection duration) and Factor F (mass 
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fraction of diesel in 1st injection) are different between R11 and R15, the effects 
of Factors C and F are much less than Factor E, as shown in Figure 8.5. 
Furthermore, the diesel distributions for R11 and R15 are compared at -20 °CA 
ATDC, as shown in Figure 8.7. It can be observed that similar diesel fuel 
distributions were formed before the ignition; therefore, the influence on 
subsequent combustion process is negligible. 
 




 (a) RUN 11 (b) RUN 15 
Figure 8.7 Diesel concentration contour at -20 °CA ATDC for R11 and R15 
From Figure 8.6 we can see that the mass fraction of NG could have a 
significant effect on the combustion process of engine. First, the peak pressure 
of R11 is much higher than that of R15, which paves the higher indicated power 
of R11. In addition, the HRR of R11 is much sharper and shorter than that of 
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R15. In another word, without premixed NG, the combustion duration is much 
longer. For the case of R15, the combustion lasting until 40°CA ATDC implies 
that the released energy could not convert to useful expansion work efficiently, 
resulting in a reduced efficiency. In comparison, for the engine with premixed 
NG, the mixed fuel releases the heat around the TDC; the released energy is 
converted into expansion work quickly. 
Figure 8.8 shows the temperature contours at 0 and 20° CA ATDC for R11 
and R15. 











20 °CA ATDC 
Figure 8.8 Temperature in Kelvin at 0 and 20 °CA ATDC for R11 and R15 
 
At 0° CA ATDC, the temperature of R11 reaches around 1700K, which is 
higher than that of R15. With the expansion stroke going on, at 20° CA ATDC, 
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due to the 2nd injection of diesel, the temperature of R11 increases slightly near 
the center of the cylinder; however, a local high temperature (above 2000K) 
appears for R15 due to heterogeneous fuel distribution. Furthermore from 
Figure 8.8 we can see that the combustion occurred in the engine with premixed 
NG is more homogeneous along the whole process. In contrast, without 
premixed NG, the main combustion takes place around 20° CA ATDC, which 
is very late; as a result, the energy cannot be converted to mechanical power 
efficiently due to reduced expansion stroke. 
However, higher temperature near cylinder wall and in crevice is also 
observed for R11 compared to R15. This phenomenon is the consequence of 
both premixed methane and early-injected diesel fuel. For RUN11, methane was 
premixed in cylinder including crevice region before IVC. Due to the high in-
cylinder pressure and temperature at TDC, the homogeneously distributed 
methane in crevice region behaved as HCCI combustion which could explain 
the higher temperature in crevice. In addition, a very early 1st injection (-80° 
CA ATDC) and a very late 2nd injection (0° CA ATDC) for diesel were used. 
Consequently, after the 1st injection, the diesel fuel reached the cylinder wall 
and accumulated. From the SOI to start of ignition, there was enough time for 
the diesel fuel to evaporate and eventually initiate the combustion at the regions 
near cylinder wall and in upper-crevice. Subsequently, the premixed methane in 
crevice together with the combustion of diesel resulted in higher temperature 
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for R11 compared to R15. 
Nevertheless, it is very interesting to notice that the effect of interaction 
between Factors B and D is also important for indicated power. Figure 8.9 shows 
interaction plot for indicated power between B and D. There are four 
comparisons that can be observed in the figure: 
 
Figure 8.9 Interaction plot for indicated power (kW) for 
Factors B (2nd SOI timing) and D (2nd injection duration) 
 
(1) Comparing points 1 and 2, late 2nd SOI timing can achieve higher 
indicated power compared to early 2nd SOI timing with short 2nd 
injection duration. Since specific mass of fuel is injected for each 
injection, short 2nd injection duration would inject a higher level of 
diesel at each crank angle into the cylinder, which leads to a rapid 
combustion. In addition, short 2nd injection duration would generate a 
higher velocity of fuel to enhance the mixing process of air and fuel, 
hence advancing the ignition timing. As a result, the ignition timing with 






















closer to the TDC. Combustion happening near the TDC is closer to the 
ideal diesel cycle which realizes isobaric process during the heat release 
process, hence higher indicated power. 
(2) Comparing point 3 and 4, early 2nd SOI timing could achieve higher 
indicated power compared to late 2nd SOI timing with long 2nd 
injection duration. Similarly, the amount of diesel injected into cylinder 
per crank angle is low with long 2nd injection duration; therefore the 
combustion is relatively slower compared with short 2nd injection 
duration. Consequently, the one with early 2nd SOI timing and long 2nd 
injection duration ignites around TDC, which is closer to ideal diesel 
cycle, thereby achieving higher indicated power. 
(3) Comparing point 2 and 3, for late 2nd SOI timing, short 2nd injection 
duration could achieve higher indicated power. For the injection at 0° 
CA ATDC, short 2nd injection duration could ignite earlier; therefore 
ignition timing is closer to TDC, as well as the ideal diesel cycle. 
(4) Comparing point 1 and 4, for early 2nd SOI timing, long 2nd injection 
duration could achieve higher indicated power compared with short 2nd 
injection duration. This is because that early 2nd SOI timing with long 




Therefore, it is important to determine the values of 2nd SOI timing and 
injection duration to achieve high indicated power. 
8.3.5 Analysis on emissions 
8.3.5.1 Carbon Monoxide 
Figure 8.10 is the Pareto chart of the effects on ISCO. The interaction 
between Factors B and D, with a value of +6.15, is the most dominant one on 
the formation of CO. It should be noted that factor E is less important to reduce 
CO emission though it is the main effect to increase indicated power. Figure 
8.11 shows the interaction plot of Factors B and D for CO emission. From 
Figure 8.9 and Figure 8.11, we can find a negative correlation between indicated 
power and ISCO for the interaction of Factors B and D which implies low CO 
could be achieved by controlling ignition timing near TDC. Therefore, it could 
be inferred that the oxidization process of CO could rapidly happen if ignition 
happens near TDC. As is known, the in-cylinder pressure keeps increasing in 
compression stroke and reaches to the highest value until TDC, as well as the 
in-cylinder temperature. A global high temperature could speed up the oxidation 
rate of CO, since the rate is dominated by Eq. (8.2) with a temperature exponent 
of 1.3 in Arrhenius form in this mechanism [112, 129], 
 2CO OH CO H    (8.2) 
Thus, the higher temperature could result in more rapid oxidation process of CO; 
 147 
 
therefore, low CO is achieved when ignition happens near TDC. 
 




Figure 8.11 Interaction plot of data means between Factors B (2nd SOI timing) 
and D (2nd injection duration) for ISCO (g/kW·h) 
 
Figure 8.12 shows the CO and temperature distributions at 30° CA ATDC 
for R8 (low CO) and R16 (high CO). From the figure we can see most of CO of 
R16 is formed near the center of cylinder with long 2nd injection duration. As 
mentioned, long 2nd injection duration could create a short penetration for 
diesel and retard the ignition timing. Consequently, the ignition happens long 
time after the TDC, when the in-cylinder pressure is decreasing, as well as 
































(c) Temperature distribution of 
R8 
(d) Temperature distribution of 
R16 
Figure 8.12 CO concentration and temperature in Kelvin for R8 and R16 at 30 °CA 
ATDC 
8.3.5.2 Nitrogen Oxides 
Figure 8.13 is the Pareto chart of the effects on ISNOx. We can see directly 
from Figure 8.13 that two factors, namely B and D, have more significant effects 
than the other factors on the generation of NOx. Factors B (2nd SOI timing) and 
D (2nd injection duration) have effects values of -8.44 and -7.68, respectively, 
which means the NOx emissions will be decreased by retarding the 2nd SOI 
timing and extending the 2nd injection duration. Similar finding has been shown 
in other studies[15, 20]. This is because advanced 2nd SOI timing can increase 
 149 
 
ignition delay timing [130], and provide more time for the air fuel mixing. A 
better mixing between air and fuel will lead to a better combustion and higher 
temperature, hence generating more NOx emissions. 
 
Figure 8.13 Pareto chart of the effects on ISNOx (g/kW·h) at speed of 3200 
rpm 
 
Similarly, extended 2nd injection duration has a low injection velocity and 
low amount of fuel at each crack angle, which could result in poor air/fuel 
mixture and slow HRR. Both poor mixture and slow HRR could lead to a low 
temperature atmosphere in cylinder. The main cause of NOx formation is high 
temperature; therefore the extended 2nd injection duration decreases NOx. 
As shown in Figure 8.13, it is very interesting to notice that Factor A (1st 
SOI timing), with a value of +5.83, has an opposite effect compared to that of 
Factor B (2nd SOI timing). It could be known that advanced 1st SOI timing can 
decrease the NOx emissions. Similar finding has been found by Kokjohn et al. 
[40], in which the SOI timing was investigated between -20 and -60 °CA ATDC, 
intersecting the range in this work. Earlier 1st SOI timing could create more 
homogeneous mixture since the gas temperature in the cylinder is low and more 
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time is available for the fuel to be delivered to other places. As a result, local 
high temperature is avoided and NOx emissions are reduced. 
To sum up, each injection of the double injection strategy plays a different 
role in combustion process. The first one is used to create homogeneous 
condition to avoid local high temperature region; whereas the second one is to 
adjust ignition timing and control HRR. 
8.3.5.3 Soot 
Figure 8.14 is the Pareto chart of the effects on ISsoot. It is known that soot 
is generated in the fuel rich zone in the combustion chamber where there is no 
enough oxygen to converting carbon to CO2 [50]. The first dominant factor on 
the soot formation is Factor D (2nd injection duration) with an effect of +0.93. 
Figure 8.15 shows the soot distribution in the cylinder at 5 and 30º CA ATDC 
for R3 and R11. At the 5º CA ATDC, soot is formed mainly near the cylinder 
liner and the center for both cases. From Figure 8.15 we can see that the soot 
formed near the center of cylinder is mainly due to the 2nd injection. For R3, as 
shown in Figure 8.15 (a) and (c), with short 2nd injection duration, soot is 
formed right after the 2nd injection, but is consumed by oxygen quickly. This is 
mainly because short injection duration with high injection speed will contribute 
to the mixing of air and fuel, hence providing enough oxygen for converting 
carbon to CO2. In contrast, as shown in Figure 8.15 (d), long 2nd injection 
duration results in the formation of soot near the center, since the injection 
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velocity is slow and no enough oxygen could be entrained into the spray to 
reduce soot. 
 




(a) R3 at 5 ºCA ATDC (b) R11 at 5 ºCA ATDC 
  
(c) R3 at 30 ºCA ATDC (d) R11 at 30 ºCA ATDC 
Figure 8.15 Soot concentration at 5 and 30 ºCA ATDC for R3 and R11 
 
The second dominant factor is Factor A (1st SOI timing) with an effect of 
-0.87. It could be inferred that the soot formed near cylinder liner is mainly 
caused by 1st injection, as shown in Figure 8.15. Due to lower gas pressure in 
the cylinder, diesel fuel with advanced 1st SOI timing has a longer penetration 
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distance and is easier to reach the cylinder liner and deposit on the surface, 
therefore producing a higher soot concentration there. The soot, ER and 
temperatures contours of R3 are illustrated in Figure 8.16. It can be seen that 
near the cylinder liner the ER is above 1 and the temperature is about 2000K 
which would promote the formation of soot emissions. 
      
(a) Soot (b) ER (c) Temperature (K) 
Figure 8.16 Contours of soot, ER, and temperature of R11 at 30 ºCA ATDC 
8.3.6 Relation graph 
From above analysis, it is known that four parameters are important to the 
performance and emissions formation in the RCCI engine. Figure 8.17 shows 
the map that illustrates relationship between significant factors and engine 
outputs. 
 
Figure 8.17 Map on the relationship between input and output 




Since the premixed low CN fuel plays a role of improving indicated power 
of engine, the sequential studies can be directed to the conditions with higher 
percentages of low CN fuel. After the percentage of premixed fuel moves to 
another range, the whole RCCI system will be closer to the optimized condition. 
Wisely choosing 2nd SOI timing, 2nd injection duration and 1st SOI timing 
possibly can make a compromise between CO, soot and NOx emissions. 
8.4 Dynamic φ-T map analysis on soot and NO formation in a natural 
gas/diesel fueled RCCI engine 
8.4.1 Introduction 
In Section 8.3, four parameters, namely NG percentage, 1st SOI timing, 
2nd SOI timing and 2nd injection duration, were identified as significant 
parameters. In this section, φ-T map analysis is applied to further investigate 
those parameters and EGR rate. To achieve low soot and NO, the aim of RCCI 
combustion strategy is to keep the φ-T conditions stay far away from the soot 
and NO formation islands. 
The φ-T map analysis has been used to study the soot and NO formation 
in diesel engines. Akihama et al. revealed the smoke reduction in a diesel engine 
by introducing EGR [94]. Kim et al. generated φ-T maps to present the φ-T 
conditions with varied EGR rates at different boost pressures [131]. Later, 
Bergman and Golovitchev also studied the φ-T conditions of the combustion 
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cycle in a diesel engine by using dynamic φ-T map technique [112]. In addition, 
the dynamic φ-T map analysis was applied to the studies of biodiesel and its 
blend fuels with diesel in CI engines [113, 132]. However, this technique has 
not been applied to RCCI combustion. The numerically generated φ-T map will 
offer a straight vision on the emissions formation during the whole combustion 
process. Thus, by applying φ-T map analysis on RCCI engines, the rationale 
behind the soot and NOx formation can be revealed. 
Thus, in this study, four parameters, namely NG percentage, 1st SOI timing, 
2nd SOI timing and 2nd injection duration were varied in certain ranges to 
investigate their effects on ϕ-T conditions and soot-NO formation in dynamic 
ϕ-T maps. Furthermore, the effect of EGR was examined to reveal its role in 
RCCI combustion. Then, the most important parameters controlling the φ-T 
distribution were detected for further optimization via full factorial design. 
8.4.2 Study cases 
Table 8.4 lists the designed simulation conditions. Each pair of cases, 1 and 
2, 3 and 4, 5 and 6, 7 and 8, 9 and 10 will be compared with the base case to 
investigate the impacts of NG energy fraction, 1st SOI, 2nd SOI, 2nd injection 
duration and EGR rate, respectively. In all the cases, 60% of diesel was injected 
with the 1st pulse; the remained diesel was injected by 2nd pulse. It can be seen 
from the base case, Case 1 and Case 2 that the NG energy fractions are ranged 
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from 20% to 80%. Meanwhile, the 1st and 2nd injection durations are varied 
accordingly to the mass of the direct-injected diesel to maintain the same 
injection rate. 
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8.4.3 Results and discussion 
8.4.3.1 Effect of NG fraction 
Figure 8.18 displays the ϕ-T maps for Case1, the base case and Case 2 with 
20%, 50% and 80% NG, respectively, at 10º CA ATDC. In a ϕ-T map, as 
demonstrated in Figure 8.18 (a), the real-time in-cylinder pressure can be found 
from the upper left corner, which is 121.30 bar. Details on ϕ-T map can be found 
in Section 3.3. Figure 8.19 displays the comparison in mass fraction among ER 
groups. It is interesting to note that the extremely high ERs (> 2.0) are more or 




(a) Case 1-NG 20% 
 
(b) Base case-NG 50% 
 
(c) Case 2-NG 80% 
Figure 8.18 Φ-T maps for the cases with 20%, 50% 





Figure 8.19 Mass fraction comparison in ER groups 
at 10º CA ATDC 
 
It is important to know the source of the high ER region (> 2.0). Figure 
8.20 demonstrates the distribution of ER of the case with 20% NG in 3-D 
contours at 10º CA ATDC. As observed from Figure 8.20, the region with high 
ER is near the cylinder wall and above the crevice where the fuel droplets cluster 
around. It can be inferred that the clustered fuel droplets are the main cause of 
the high ER. The clustered fuel droplets are due to the advanced SOI timings in 
RCCI combustion compared to CDC. With an early injection, the spray targeted 
at squish region of a piston bowl, then impinged on the wall. 
Two significant effects of NG fraction on ϕ-T maps can be observed. First, 
with increase in the fraction of NG, the mass fraction of species in the cells with 
ER larger than 2.0 reduces significantly, as shown in Figure 8.19. It can be seen 
that the mass fraction drops from 0.0078 to 0.005 when NG fraction increases 
from 20% to 80%. According to the discussion on the source of high ER, it can 
be inferred that the reduced mass fraction of high ER, when more NG is 
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introduced, is because of the less injected diesel. Hence, less diesel fuel droplets 
would cluster around the cylinder wall with advanced SOI timing in RCCI 
combustion. The second effect is that the soot contour shrinks with more 
premixed NG. The shrinking soot contour is mainly attributed to the mechanism 
of soot formation. The diesel has a higher tendency to generate soot emissions 
compared to NG, in which the C-C bond is absent. Therefore, with increases in 
premixed NG, the area of soot contour decreases; consequently, the tendency to 
form soot is curbed. However, it is noted that the NO contour is not affected. 
 
Figure 8.20 3-D contours of ER for the cases 
with 20% NG at 10º CA ATDC 
 
The impact of premixed NG fraction on temperature distribution of scatters 
can also be observed from Figure 8.18. With increase in the fraction of NG, the 
distribution of scatters with the ERs below 1.0 shortens along the temperature 
scale. This could be explained by the HCCI-like combustion when more NG is 
premixed. Thus, the temperature distribution is more homogeneous. This is why 
the narrowest temperature distribution is observed for the case with 80% NG. It 
also indicates that the fraction of NG will set the lower limit of the combustion 
temperature of scatters. However, it should be noted that the temperatures for 
all the cases are high due to the absence of EGR. The investigations on the effect 
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of EGR will be discussed later. 
8.4.3.2 Effect of 1st SOI timing 
Figure 8.21 presents the ϕ-T maps for Case 3, the base case and Case 4 
with 1st SOI timings of -100, -80 and -60º CA ATDC, respectively, at -10º CA 
ATDC. Figure 8.22 shows the comparison in mass fraction among ER groups. 
It is observed from Figure 8.22 that the scatters with ER larger than 1.0 reduces 
slightly with the delay of 1st SOI timing. By delaying 1st SOI, the mass fraction 
of ER larger than 1.0 drops from 0.0125 to 0.0075. As discussed in the previous 
section, the presence of extremely high ERs is caused by the advanced SOI 
timing of RCCI combustion. Thus, the observation implies that the fuel droplets 
tend to reach the cylinder wall when 1st SOI timing is advanced. Figure 8.23 
displays the fuel impingement of the cases with 1st SOI timings of -100 and -
60º CA ATDC at the crank angles of -60 and -20º, i.e., 40º after the injection 
timings. As shown in Figure 8.23, when 1st SOI is -100º CA ATDC, the fuel 
droplets depositing on the wall occupy larger area compared to the case with -
60º CA ATDC. Two aspects may contribute to this. The first is that the advanced 
1st SOI timing allows the fuel droplets to penetrate for a longer period. The 
second is that the low in-cylinder pressure at -100º results in a weak resistance 
against the movements of droplets. Therefore, more fuel droplets will deposit 





(a) Case 3: 1st SOI -100 
 
(b) Base case: 1st SOI -80 
 
(c) Case 4: 1st SOI -60 
Figure 8.21 Φ-T maps for the cases with 1st SOI 





Figure 8.22 Mass fraction comparison in ER groups at -




(a) 1st SOI -100 at -60 ºCA 
ATDC 
(b) 1st SOI -60 at -20 ºCA 
ATDC 
Figure 8.23 Fuel impingement of the cases with different 
1st SOI timings 
8.4.3.3 Effect of 2nd SOI timing 
Figure 8.24 displays the ϕ-T maps for Case 5, the base case and Case 6 
with 2nd SOI timings of -30, -20 and -10º CA ATDC, respectively, at 10º CA 
ATDC. Comparing the in-cylinder pressures and the distributions of scatters 
among Figure 8.24 (a), (b) and (c), it can be seen that during the combustion, 




(a) Case 5: 2nd SOI -30 
 
(b) Base case: 2nd SOI -20 
 
(c) Case 6: 2nd SOI -10 
Figure 8.24 Φ-T maps for the cases with 2nd SOI 




However, comparing the mass fraction in ER groups, as shown in Figure 
8.25, with the increase in SOI timing, the mass fraction of ER larger than 2.0 
drops slightly; in contrast to 1.0<ER<2.0 group, the mass fraction increases 
significantly especially when SOI timing is delayed to -10º CA ATDC. The 
decrease in ER larger than 2.0 may due to the slightly mitigated fuel deposition 
when a late SOI timing is employed. The increase in 1.0<ER<2.0 is probably 
because less mixing time is provided for the late injected fuel with air. Therefore, 
it can be concluded that the effect of 2nd SOI timing on the distribution of 
scatters has two sides. 
 
Figure 8.25 Mass fraction comparison in ER groups at 10º 
CA ATDC with different 2nd SOI timings 
8.4.3.4 Effect of 2nd injection duration 
Figure 8.26 displays the ϕ-T maps for the base case, Case 7 and Case 8 
with 2nd injection duration of 5, 10 and 15º, respectively, at 10º CA ATDC. 
Figure 8.27 compares the mass fraction in ER groups. It can be seen from Figure 





(a) Base case: 2nd ID 5 
 
(b) Case 7: 2nd ID 10 
 
(c) Case 8: 2nd ID 15 
Figure 8.26 Φ-T maps for the cases with 2nd ID of 5, 
10 and 15 deg at 10º CA ATDC 
The mass fraction of ER larger than 1.0 with 15º CA injection duration is 
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three times higher than that with 5º CA. The reason could be implied from the 
3-D ER contours of the compared cases at 10º CA ATDC. As displayed in Figure 
8.28, the ERs from 1.0 to 4.0 in the ϕ-T map of Case 8 are mainly attributed to 
the cells near the injector. The long 2nd injection duration (i.e., 15º) will result 
in a relatively higher ER region near the injector. There are two reasons that can 
be attributed to this phenomenon. One is the reduced lapsed time after the end 
of injection caused by long injection duration; the other is the lowered injection 
rate while maintaining the same amount of injected diesel in 2nd pulse. 
Consequently, the air and fuel cannot be thoroughly mixed. Therefore, the 2nd 
injection duration significantly impacts the ϕ-T conditions of 2nd pulse diesel 
combustion. It should be noted that though the longer injection duration ends 
near TDC, where the ambient density is higher which can promote faster mixing 
rate, it may not be adequate to overweight the effects of the reduced time for 
mixing and the lowered injection rate. 
 
Figure 8.27 Mass fraction comparison in ER groups at 10º 






 (a) Base case: 5º 
 
  
 (b) Case 7: 10º 
 
 
 (c) Case 8: 15º 
 
Figure 8.28 3-D contours of ER of the 
cases with injection durations of 5, 10 and 
15º 
8.4.3.5 Effect of EGR rate 
Figure 8.29 shows the ϕ-T maps of the base case, Case 9 and Case 10 with 
EGR rates of 0%, 30% and 60%, respectively, at 10º CA ATDC. The results 
indicate that EGR rate could impact the distributions of scatters significantly. 
When more EGR is employed, the distributions of scatters are significantly 
moved towards the left. This is because the dilution effect caused by the reduced 
oxygen concentration and the higher heat capacities of premixed CO2 and H2O 
could together reduce the adiabatic temperature. As a result, the highest 





(a) Base case: EGR 0% 
 
(b) Case 9: EGR 30% 
 
(c) Case 10: EGR 60% 
Figure 8.29 Φ-T maps for the cases with EGR rate of 




Figure 8.30 shows the mass fraction in ER groups with different EGR rates. 
The mass fraction of ER larger than 1.0 with 60% of EGR is much more than 
that without EGR. The overall increased ER is due to the existence of premixed 
CO2 and H2O. However, this increased ER will not support the formation of 
soot due to the lowered temperature. Therefore, EGR could significantly shift 
in-cylinder ϕ-T conditions to the regions with low level of soot and NO 
emissions. 
 
Figure 8.30 Mass fraction comparison in ER groups at 10º 
CA ATDC with different EGR rates 
8.4.4 Conclusion 
From the observation on the effects of the investigated parameters on φ-T 
map, two vital parameters, namely NG fraction and EGR rate can be further 
identified because they could significantly affect the φ-T combustion conditions. 
In the next section, full factorial design was applied to optimize the operating 
conditions, consequently obtaining better performance while maintaining low 
NO and soot emissions. 
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8.5 Optimization on RCCI engine by full factorial design 
8.5.1 Full factorial design 
Considering the stringent emissions regulations, the priority of the 
optimization on engine is to minimize the emissions, then to find the optimal 
performance. In section 8.4, it has been concluded that NG fraction and EGR 
rate can significantly affect the φ-T combustion conditions and the formation of 
NO and soot. Thus, in this section, NG fraction and EGR rate are selected to 
conduct the full factorial design optimization. Table 8.5 lists the full factorial 
design matrix. The NG fractions are chosen at the levels of 60%, 70% and 80%; 
also, EGR rates are varied at the levels of 50%, 55% and 60%. The 1st and 2nd 
SOI timings are selected at -80 and -40º CA ATDC, respectively. In the 1st pulse 
of injection, 60% of diesel in mass is injected, and the rest is injected in the 2nd 
pulse. Totally, nine cases are simulated by KIVA4-CHEMKIN. The outputs, i.e., 
IMEP, CO, NO and soot emissions, are compared and further analyzed by 
statistical means.  
Table 8.5 Full factorial design on NG fraction and EGR rate 
Case NO. NG fraction (%) EGR rate (%) 
1 80 50 
2 80 55 
3 80 60 
4 70 50 
5 70 55 
6 70 60 
7 60 50 
8 60 55 
9 60 60 
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8.5.2 Results and discussion 
The results on IMEP, NO, soot, CO and ITE of the designed cases are listed 
in Table 8.6. Based on the values shown in the table, the contours of IMEP 
(Figure 8.31), ISCO (Figure 8.32), ISNO (Figure 8.33), and ISsoot (Figure 8.34) 
against EGR rate and NG fraction were plotted. 











1 9.396  0.588  0.034  0.239  55.483  
2 9.284  0.097  0.082  1.907  54.827  
3 8.778  0.003  0.040  7.261  51.839  
4 8.984  0.492  0.310  3.360  53.051  
5 8.839  0.079  0.276  5.755  52.198  
6 8.408  0.002  0.074  6.032  49.650  
7 8.587  0.448  0.513  6.463  50.709  
8 8.415  0.088  0.471  7.396  49.695  
9 7.995  0.002  0.223  7.510  47.215  
 
Figure 8.31 presents the contour plot of IMEP against EGR rate and NG 
fraction. It can be observed that the decreased EGR rate and the increased NG 
fraction can result in better IMEP. 
Figure 8.32 shows the contour plot of CO emissions against EGR rate and 
NG fraction. The lowest CO emissions can be achieved by decreasing EGR rate 
and increasing NG fraction. 
Figure 8.33 displays the contour plot of NO emissions against EGR rate 
and NG fraction. Though the increased EGR rate and the decreased NG fraction 
can both reduce the NO emissions, the EGR rate has much more significant 
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influence on the reduction of NO. 
 
Figure 8.31 Contour plot of IMEP (bar) against EGR and NG fraction 
 
 
Figure 8.32 Contour plot of CO (g/kWh) against EGR and NG fraction 
 
Figure 8.34 shows the contour plot of soot emissions against EGR rate and 
NG fraction. It can be seen that to decrease soot emissions, both EGR rate and 




Figure 8.33 Contour plot of NO (g/kWh) against EGR and NG fraction 
 
 
Figure 8.34 Contour plot of soot (g/kWh) against EGR and NG fraction 
 
The effects of EGR rate and NG fraction on IMEP and three emissions can 
be explained by the reasons mentioned in Sections 8.3 and 8.4. With increased 
EGR rate, the combustion peak temperature decreases due to the dilution effect. 
Thus, the IMEP decreases, NO and soot are reduced. The dilution effect also 
affect the oxidation of CO emissions, therefore CO increased with the increased 
 173 
 
EGR rate. With the increased NG fraction, the fuel distribution in the cylinder 
is more homogeneous, consequently bringing fast combustion and higher mean 
temperature. This resulted combustion can bring better power (higher IMEP) 
and lower CO, but a little higher NO emissions. The reduced soot by increasing 
NG fraction is due to the reduced diesel fuel deposition on the cylinder liner. 
The optimal condition, marked with a star in Figures 8.31, 8.32, 8.33 and 
8.34, has the maximized IMEP and minimized emissions, i.e., CO, NO and soot, 
which is the second run listed in Table 8.6. 
Finally, according to the results obtained in Chapter 7 that SCC piston is 
more suitable for RCCI combustion compared to OCC, further simulation is 
conducted based on the boundary conditions of the optimal case by replacing 
OCC with SCC. Table 8.7 shows the results of SCC. Comparing to those of 
OCC, as shown in Table 8.6 No.2, it can be seen that with SCC, the IMEP is 
increased. Though a slightly increased NO is observed, soot and CO are reduced 
significantly. Meanwhile, comparing the results of SCC with those of the first 
case in Table 8.6, a competitive IMEP can be achieved with lower NO and soot, 
though CO is increased slightly. Overall, the use of SCC can give a better result. 















In this optimization stage, full factorial design was applied to the most 
important factors: EGR rate and NG fraction. At first, an optimal condition is 
obtained with the original piston bowl geometry. Then, SCC, which has been 
considered as a more suitable piston for RCCI combustion in Chapter 7, was 
used to replace OCC. Finally, it was found that by replacing OCC with SCC 
under the optimal boundary condition obtained by full factorial design, the 
RCCI combustion with best performance and low emissions could be attained. 
8.6 Summary 
In this chapter, a systematic optimization approach is applied to a NG and 
diesel fueled RCCI engine. There are three stages in this proposed systematic 
optimization approach. At the first stage, six factors that could affect the in-
cylinder reactivity formation were considered and investigated with fractional 
factorial design. Then, four factors were screened out as significant ones 
affecting the engine performance and emissions formation. At the second stage, 
with the main objective of minimizing soot and NO emissions, these four factors 
together with EGR rate were further varied at three levels to investigate their 
effects on the φ-T distributions on φ-T maps. Subsequently, EGR rate and NG 
fraction were selected as the two most important parameters. At the third stage, 
full factorial design was applied to RCCI engine with varied EGR rate and NG 
 175 
 
fraction. The case with 55% of EGR rate and 80% of NG fraction is found to be 
the optimal condition. Then, SCC piston bowl is used to replace the original 
OCC, consequently bringing out the NG/diesel fueled RCCI combustion with 









Chapter 9 Conclusion and Recommendations 
9.1 Conclusion 
In this dissertation, a multi-component reaction mechanism was developed 
to conduct RCCI simulation. Adopting the newly developed mechanism, 
investigations were undertaken on the role of reactivity gradient in RCCI 
combustion, and on the gasoline/biodiesel fueled RCCI combustion. After some 
parametric studies, a systematic optimization approach was applied to a NG and 
diesel fueled RCCI engine. Finally, optimal condition was found. 
9.1.1 Multi-component reaction mechanism development for RCCI 
application 
With detailed literature review, it was found that biodiesel fuel has not been 
extensively investigated in RCCI combustion as the HRF. Considering biodiesel 
is renewable and has been tested in conventional CI engines, it was used to 
replace the diesel in RCCI engine for further simulation study. To conduct the 
numerical studies, a reaction mechanism which can mimic the biodiesel-
involved dual fuel combustion was initially developed, as there was no available 
reported mechanism. The developed multi-component reaction mechanism 
includes surrogates of diesel, biodiesel and gasoline and the mechanisms of soot 
and NO emissions. The validations of this newly developed mechanism were 
first conducted with 0-D ignition delay test under 102 conditions. Then it was 
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further validated by 3-D engine simulations fueled with pure diesel, pure 
biodiesel, gasoline/diesel (RCCI) and gasoline/biodiesel (RCCI). Validation 
results indicate that this developed mechanism is capable of modeling the RCCI 
combustion. 
9.1.2 Investigation on the role of reactivity gradient 
In RCCI engines, the in-cylinder reactivity can be characterized into two: 
global reactivity and reactivity gradient. With RCCI combustion, both reactivity 
gradient and ER gradient can be formed in the cylinder. In this thesis, the role 
of reactivity gradient is inspected. To differentiate the effect of reactivity 
gradient, the gasoline/diesel fueled RCCI combustion is compared with the 
other three hypothetical cases without reactivity gradient. From the analysis on 
the pressure, HRR profiles, and the emissions of NO and soot of the four cases, 
it was found that the fuel reactivity gradient can retard the ignition timing, 
reduce HRR, and ease PPRR. Moreover, with reactivity gradient, both NOx and 
soot are reduced. 
9.1.3 Studies on gasoline/biodiesel fueled RCCI combustion 
Understanding the important role of reactivity gradient, biodiesel is used 
to replace diesel as it has a higher CN (higher fuel reactivity). Moreover, 
biodiesel is renewable. Studies on the effects of fuel ratio, SOI timing and piston 
bowl geometry were undertaken in the gasoline and biodiesel fueled RCCI 
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engine. The in-cylinder pressure, HRR, other combustion characteristics 
(ignition delay, combustion duration, PPR rate etc.), and emissions of NOx and 
soot were compared. It is found that more premixed gasoline leads to more 
homogeneous combustion and reduced NOx and soot regardless of SOI timing. 
Considering the effect of SOI timing, the advanced SOI timing can provide 
more controllability on the combustion phasing. It can also bring longer ignition 
delay to provide more mixing time for the biodiesel, therefore reducing NOx 
emissions with the mitigation of local high temperature. However, fuel 
deposition on the cylinder wall with the advanced fuel injection timing can 
result in slightly higher soot. Then the original piston bowl shape OCC was 
compared to HCC and SCC. The results indicate that SCC is more suitable for 
reactivity-controlled combustion; in contrast, OCC is better for the conventional 
mixing-controlled combustion. 
9.1.4 A systematic way to optimize RCCI engine 
To find the optimal condition, a systematic approach was applied to the 
NG and diesel fueled RCCI engine. The systematic approach is in the sequence 
of fractional factorial design, φ-T map analysis and full factorial design. At the 
first stage, fractional factorial design was used to screen out important factors 
among six factors (NG percentage, 1st SOI timing, 1st injection duration, 2nd 
SOI timing, 2nd injection duration and split fraction). Consequently, NG 
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percentage, 1st SOI timing, 2nd SOI timing and 2nd injection duration were 
identified as significant parameters that affect the engine performance and 
emissions formation. At the second stage, those four parameters together with 
EGR rate were analyzed by φ-T map technique. Consequently, two parameters, 
i.e., NG percentage and EGR rate, were selected due to their substantial effects 
on the combustion φ-T distributions in the cylinder. At the last stage, full 
factorial design was applied to the NG percentage and EGR rate, subsequently 
obtaining the optimal operating condition. In addition, additional case was run 
by replacing original OCC with SCC piston. Finally, the most efficient and low 
emissions RCCI combustion was achieved. 
9.2 Recommendations for Future Work 
9.2.1 Reaction mechanism development 
In this dissertation, a reaction mechanism was developed to mimic the 
RCCI combustion fueled with gasoline/diesel and gasoline/biodiesel. However, 
to conduct studies on the RCCI combustion fueled with other types of fuels, 
more reaction mechanisms need to be developed. Some fuels, such as methanol 
and ethanol etc., have been adopted as low reactivity, thus, those fuels can be 
further used to replace the gasoline in this gasoline/biodiesel fueled RCCI 
engine. To conduct simulation study in the future, it is necessary to develop the 
reaction mechanisms that are capable of mimicking the combustion of various 
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types of fuels. 
Moreover, most of the RCCI modelling studies focused on the two fuels 
strategy. Further investigation can be directed to the modelling of single fuel 
strategy with additives. The reaction mechanism including low reactivity fuel 
(gasoline, methanol, ethanol etc.) and the additive (2-EHN or DTBP) should be 
developed and implemented in KIVA4-CHEMKIN. 
9.2.2 Experimental studies on RCCI combustion 
In the future, more experiments can be done to investigate the performance 
and emissions formation of RCCI engine fueled with oxygenated fuels. These 
oxygenated fuels include low reactivity fuels such as methanol, ethanol, DME 
etc., and high reactivity fuels such as biodiesel. Accordingly, the measured 
experimental data of in-cylinder pressure, exhaust emissions can be used to 
validate the developed reaction mechanisms mentioned in Section 9.2.1. 
9.2.3 Full mesh simulation on RCCI combustion 
It is known that in the past studies, the numerical simulation on the CI 
engine was carried out in a sector mesh. However, for RCCI combustion, when 
a sector mesh is used, the gasoline has to be assumed to be homogeneous in the 
cylinder after IVC. As a result, the evaporation effect of the gasoline is 
neglected during the simulation. Thus, to account for the evaporation of 
gasoline, full mesh simulation should be conducted. To conduct the full mesh 
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simulation, a mesh that includes both intake and exhaust valves should be 
created first. However, the combustion simulation on the full mesh would 
consume enormous time when implementing a skeletal reaction mechanism. 
Therefore, it is also important to conduct parallel computing to improve the 
computational speed. Alternatively, an advanced combustion model should be 
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H C O N 
SPECIES         
MD   MD9D   NC7H16   O2   N2   CO2   H2O   H   H2   O   N   OH   CO    
NO   HO2   H2O2   CH3O   CH2O   HCO   CH2   CH3   CH4   C2H2   C2H3 C2H4   
C2H5   C3H4   C3H5   C3H6   C3H7   C7H15-2   C7H15O2   C7KET12  C5H11CO   
C4H9   CH2CHO   CH2CO   MD6J   MD6O2   MD6OOH8J   MDKET68   C2H5CHO   
C6H12-1   C8H17-1   MD9D6J   MD9D6O2   MD9D6OOH8J   MD9DKET68   C2H3CHO   
C6H10-15   MS6D   MF5J   MF5O2   MF5OOH3J  MFKET53   MP3OXO   MS6OXO7J   
MB4J   ME2J   N2O   NO2   A2R5   C(S)    C4H2   C7H14O2H   C5H11CHO   
C7H15-1   C6H5 A1   C5H11   C3H3   C3H2   C2H   C4H3   HCCO   A1- A1C2H   
A1C2H-   A2-1   A1C2H-2   A2   A2R5-   CH3O2   CH3O2H   C6H   C6H2   C4H   
C4H4   C7H14O2HO2   C2O   CH3CHO   C4H5   CH   HCCOH   C6H12   C7H15O   
C7H15O2H   C7KET21   A1C2H2   IC8H18   C8H17   C8H17OO   IC8KET21   
C6H13CO   C2H6   CH3OCO   C2H3CO 
REACTIONS A b E 
1 IC8H18+H=C8H17+H2 4.38E+07 2 7760 
2 IC8H18+OH=C8H17+H2O 3.47E+07 1.8 278.2 
3 IC8H18+HO2=C8H17+H2O2 2.79E+13 0 18950 
4 IC8H18+O2=C8H17+HO2 2.21E+14 0 42904 
5 C8H17+O2=C8H17OO 1.05E+11 0 0 
6 C8H17OO+O2=IC8KET21+OH 1.74E+16 0 21233 
7 IC8KET21=CH2O+C6H13CO+OH 1.78E+14 0 39100 
8 C6H13CO=C4H9+C2H4+CO 4.92E+16 0 40200 
9 C4H9=C3H6+CH3 4.56E+13 0 36900 
10 C8H17=C3H7+C2H4+C3H6 8.11E+15 0 36600 
11 C8H17=C2H5+C3H5+C3H7 1.43E+15 0 36600 
12 IC8H18+C7H15-2=NC7H16+C8H17 5.01E+10 0 0 
13 NC7H16+O2=C7H15-1+HO2 2.50E+13 0 48810 
14 NC7H16+O2=C7H15-2+HO2 5.00E+13 0 47380 
15 NC7H16+H=C7H15-1+H2 5.60E+07 2 7667 
16 NC7H16+H=C7H15-2+H2 4.38E+07 2 4750 
17 NC7H16+OH=C7H15-1+H2O 8.61E+09 1.1 1815 
18 NC7H16+OH=C7H15-2+H2O 6.00E+09 1.3 690.5 
19 NC7H16+HO2=C7H15-1+H2O2 1.12E+13 0 19300 
20 NC7H16+HO2=C7H15-2+H2O2 6.60E+13 0 16950 
21 NC7H16=C4H9+C3H7 3.20E+16 0 80710 
22 C7H15-2=CH3+C6H12 2.51E+13 0.3 29290 
23 C7H15-1=C2H4+C5H11 2.50E+13 0 28810 
24 C7H15-2=C3H6+C4H9 2.20E+13 0 28100 
25 C7H15-1=C7H15-2 3.60E+16 0 80700 
26 NC7H16+C7H15O2=C7H15-1+C7H15O2H 2.42E+14 0 20430 
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27 NC7H16+C7H15O2=C7H15-2+C7H15O2H 8.06E+13 0 17700 
28 C7H15O2+HO2=C7H15O2H+O2 1.75E+09 0 -3275 
29 C7H15O2+H2O2=C7H15O2H+HO2 2.40E+12 0 10000 
30 C7H15O2H=C7H15O+OH 6.00E+18 0 42500 
31 C7H15O=CH2O+C6H12+H 4.68E+17 -1.3 20260 
32 C7H15-1+O2=C7H15O2 2.00E+12 0 0 
33 C7H15-2+O2=C7H15O2 4.00E+12 0 0 
34 C7H15O2=C7H14O2H 6.00E+11 0 20380 
35 C7H14O2H+O2=C7H14O2HO2 4.60E+11 0 0 
36 C7H14O2HO2=C7KET12+OH 1.00E+09 0 7480 
37 C7H14O2HO2=C7KET21+OH 1.48E+13 0 24900 
38 C7KET12=C5H11CHO+CH2O+O 2.62E+15 0 41100 
39 C7KET21=C5H11CO+CH2O+OH 1.50E+16 0 43000 
40 C5H11CHO+O2=C5H11CO+HO2 2.00E+13 0.5 42200 
41 C5H11CHO+OH=C5H11CO+H2O 1.00E+13 0 0 
42 C5H11CHO+H=C5H11CO+H2 4.00E+13 0 4200 
43 C5H11CHO+O=C5H11CO+OH 5.00E+12 0 1790 
44 C5H11CHO+HO2=C5H11CO+H2O2 2.80E+12 0 13600 
45 C5H11CHO+CH3=C5H11CO+CH4 1.70E+12 0 8440 
46 C5H11CHO+CH3O2=C5H11CO+CH3O2H 1.00E+12 0 9500 
47 C5H11CO=C5H11+CO 1.00E+11 0 9600 
48 C5H11=C2H4+C3H7 5.20E+13 0 28300 
49 C6H12=C3H7+C3H5 1.20E+16 0 68000 
50 C6H12=C3H6+C3H6 8.00E+15 0 68000 
51 C4H9=C2H5+C2H4 2.50E+13 0 28810 
52 C7H15O2+O2=C7KET12+OH 5.26E+15 0 18232 
53 C7KET12=C5H11CO+CH2O+OH 6.00E+14 0 41100 
54 C5H11CO=C2H4+C3H7+CO 9.84E+15 0 40200 
55 C7H15-2=C2H5+C2H4+C3H6 4.04E+15 0 34600 
56 C3H7=C2H4+CH3 9.60E+13 0 30950 
57 C3H7=C3H6+H  1.25E+14 0 36900 
58 C3H7+O2=C3H6+HO2 1.00E+12 0 4980 
59 C3H7+H=C2H5+CH3 4.06E+06 2.2 890 
60 C3H7+HO2=>C2H5+CH2O+OH 2.41E+13 0 0 
61 C3H7+CH3=C2H5+C2H5 1.93E+13 -0.3 0 
62 C3H6=C2H3+CH3 3.15E+15 0 85500 
63 C3H6+H=C3H5+H2 5.00E+12 0 1500 
64 C3H6+CH3=C3H5+CH4 9.00E+12 0 8480 
65 C3H6+O2=C3H5+HO2 4.00E+12 0 39900 
66 C3H6+O=CH2CO+CH3+H 2.50E+07 1.8 76 
67 C3H6+OH=C3H5+H2O 3.12E+06 2 -298 
  Reverse Arrhenius  coefficients: 6.19E+06 2 31880 
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68 C3H6+O=C2H5+HCO 1.58E+07 1.8 -1216 
  Reverse Arrhenius  coefficients: 1.40E+05 1.9 26510 
69 C3H6+HO2=C3H5+H2O2 1.50E+11 0 14190 
  Reverse Arrhenius  coefficients: 5.87E+05 1.3 9759 
70 C3H6+O=C3H5+OH 5.24E+11 0.7 5884 
  Reverse Arrhenius  coefficients: 1.10E+11 0.7 20150 
71 C3H6+C2H5=C3H5+C2H6 1.00E+11 0 9800 
  Reverse Arrhenius  coefficients: 5.37E+05 1.3 16440 
72 C3H5+O2=CH2CHO+CH2O 7.14E+15 -1.2 21050 
  Reverse Arrhenius  coefficients: 4.94E+16 -1.4 88620 
73 C3H5+O2=C2H2+CH2O+OH 9.72E+29 -5.7 21450 
  Reverse Arrhenius  coefficients: 0.00E+00 0 0 
74 C3H5+O2=CH3+HCO+HCO 1.00E+12 0 22150 
75 C3H5+HO2=C2H3+CH2O+OH 2.03E+12 0.1 23560 
76 C3H5+H=C3H4+H2 1.23E+03 3 2582 
  Reverse Arrhenius  coefficients: 2.82E+00 3.8 47220 
77 C3H5+C2H5=C2H6+C3H4 4.00E+11 0 0 
  Reverse Arrhenius  coefficients: 1.80E+12 0.1 40330 
78 C3H5=C3H4+H  4.00E+13 0 69760 
79 C3H5+O2=C3H4+HO2 6.00E+11 0 10000 
80 C3H4+OH=C2H3+CH2O 1.00E+12 0 0 
81 C3H4+OH=C2H4+HCO 1.00E+12 0 0 
82 C3H4+O2=C3H3+HO2 4.00E+13 0 39160 
83 C3H4+O=C2H2+CH2O 3.00E-03 4.6 -4243 
  Reverse Arrhenius  coefficients: 2.32E+02 3.2 81190 
84 C3H4+O=C2H3+HCO 3.20E+12 0 2010 
  Reverse Arrhenius  coefficients: 2.55E+12 -0.4 32350 
85 C3H4+HO2=C2H4+CO+OH 3.00E+12 0 19000 
86 C3H4+OH=C2H2+HCO+H2 7.07E+06 1.8 1000 
87 C3H4+O2=CH2CO+HCO+H 1.50E+09 0 2870 
88 H2+O2=OH+OH  1.70E+13 0 47780 
89 H+O2=O+OH  9.60E+13 0 16439 
90 O+H2=OH+H  5.08E+04 2.7 6290 
91 OH+H2=H2O+H  2.16E+08 1.5 3430 
92 O+H2O=OH+OH  2.97E+06 2 13400 
93 O+OH+M=HO2+M 1.00E+16 0 0 
  H2 Enhanced by 2.00E+00  
  O2 Enhanced by 6.00E+00   
  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 3.50E+00   
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  C2H6 Enhanced by 3.00E+00   
94 H+O2+M=HO2+M 3.60E+17 -0.7 0 
  H2 Enhanced by 2.00E+00   
  O2 Enhanced by 6.00E+00   
  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 3.50E+00   
  C2H6 Enhanced by 3.00E+00   
95 OH+HO2=H2O+O2 7.50E+12 0 0 
96 H+H+M=H2+M  1.00E+18 -1 0 
  H2 Enhanced by 0.00E+00   
  H2O Enhanced by 0.00E+00   
  CO2 Enhanced by 0.00E+00   
97 H+H+H2=H2+H2 9.20E+16 -0.6 0 
98 H+H+H2O=H2+H2O 6.00E+19 -1.2 0 
99 H+H+CO2=H2+CO2 5.49E+20 -2 0 
100 H+OH+M=H2O+M 1.60E+22 -2 0 
101 H+O+M=OH+M  6.20E+16 -0.6 0 
102 O+O+M=O2+M  1.89E+13 0 -1788 
103 HO2+H=H2+O2  1.25E+13 0 0 
104 HO2+H=OH+OH  1.70E+14 0 875 
105 HO2+H=O+H2O  3.10E+10 0 3590 
106 HO2+O=O2+OH  1.40E+13 0 1073 
107 HO2+HO2=H2O2+O2 1.00E+12 0 0 
108 HO2+H2=H2O+OH 6.50E+11 0 18800 
109 H2O2+H=HO2+H2 1.60E+12 0 3800 
110 H2O2+H=H2O+OH 1.00E+13 0 3590 
111 H2O2+OH=H2O+HO2 1.00E+13 0 1800 
112 H2O2+O=H2O+O2 8.40E+11 0 4260 
113 H2O2+O=OH+HO2 4.00E+13 0 5900 
114 H2O2+M=OH+OH+M 3.48E+16 0 45500 
  H2 Enhanced by 2.00E+00   
  O2 Enhanced by 6.00E+00   
  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 3.50E+00   
  C2H6 Enhanced by 3.00E+00   
115 CO+O+M=CO2+M 6.17E+14 0 3000 
  H2 Enhanced by 2.00E+00   
  O2 Enhanced by 6.00E+00   
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  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 3.50E+00   
  C2H6 Enhanced by 3.00E+00   
116 CO+OH=CO2+H  3.51E+07 1.3 -758 
117 CO+O2=CO2+O  1.60E+13 0 41000 
118 CO+HO2=CO2+OH 5.80E+13 0 22930 
119 CH2+H=CH+H2  1.00E+18 -1 0 
120 CH2+CH=C2H2+H 3.00E+13 0 0 
121 CH2+O=HCO+H  8.00E+13 0 0 
122 CH2+OH=CH2O+H 2.50E+13 0 0 
123 CH2+O2=HCO+OH 4.30E+10 0 -500 
124 CH2+O2=CO2+H2 6.90E+11 0 500 
125 CH2+O2=CO+H2O 2.00E+10 0 -1000 
126 CH2+O2=CH2O+O 5.00E+13 0 9000 
127 CH2+O2=CO2+H+H 1.60E+12 0 1000 
128 CH2+O2=CO+OH+H 8.60E+10 0 -500 
129 CH2+CH2=C2H2+H2 1.20E+13 0 800 
130 CH2+CH2=C2H2+H+H 1.20E+14 0 800 
131 CH2+CO2=CH2O+CO 1.00E+11 0 1000 
132 CH3+HO2=CH3O+OH 2.50E+13 0 0 
133 CH3+O2=CH3O+O 4.67E+13 0 30000 
134 CH3+O2=CH2O+OH 3.80E+11 0 9000 
135 CH3+O2=CH3O2 3.02E+59 -15 17204 
136 CH3+O=CH2O+H 8.00E+13 0 0 
137 CH3+OH=CH2+H2O 7.50E+06 2 5000 
138 CH3+OH=CH2O+H2 4.00E+12 0 0 
139 CH3+HCO=CH4+CO 1.20E+14 0 0 
140 CH3+H=CH4  1.90E+36 -7 9050 
141 CH3+H=CH2+H2 9.00E+13 0 15100 
142 CH3+CH3O=CH4+CH2O 4.30E+14 0 0 
143 CH3+CH3(+M)=C2H6(+M) 2.12E+16 -1 620 
  Low pressure limit:        1.77E+50         -9.67E+00                6.22E+03 
  TROE centering:          5.33E-01          1.51E+02    1.04E+03    4.97E+03 
  H2 Enhanced by 2.00E+00   
  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 2.00E+00   
  C2H6 Enhanced by 3.00E+00   
144 CH3+HCO=CH2O+CH2 3.00E+13 0 0 
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145 CH3+CH3=C2H4+H2 1.00E+15 0 31000 
146 CH3+CH2=C2H4+H 3.00E+13 0 -570 
147 CH3+M=CH2+H+M 1.00E+16 0 90600 
148 CH4+O2=CH3+HO2 7.90E+13 0 56000 
149 CH4+H=CH3+H2 6.60E+08 1.6 10840 
150 CH4+OH=CH3+H2O 1.60E+06 2.1 2460 
151 CH4+O=CH3+OH 1.02E+09 1.5 8604 
152 CH4+HO2=CH3+H2O2 1.00E+13 0 18700 
153 CH4+CH2=CH3+CH3 4.00E+12 0 -570 
154 HCO+HCO=CH2O+CO 3.01E+13 0 0 
155 HCO+OH=H2O+CO 1.00E+14 0 0 
156 HCO+H=H2+CO  1.19E+13 0.3 0 
157 HCO+O=OH+CO  3.00E+13 0 0 
158 HCO+O=H+CO2  3.00E+13 0 0 
159 HCO+O2=HO2+CO 6.60E+13 -0.3 0 
160 HCO+M=H+CO+M 9.35E+16 -1 17000 
161 HCO+HO2=CO2+OH+H 3.00E+13 0 0 
162 CH2O+O2=HCO+HO2 6.20E+13 0 39000 
163 CH2O+O=HCO+OH 1.80E+13 0 3080 
164 CH2O+H=HCO+H2 2.19E+08 1.8 3000 
165 CH2O+OH=HCO+H2O 2.43E+10 1.2 -447 
166 CH2O+HO2=HCO+H2O2 3.00E+12 0 8000 
167 CH2O+M=CO+H2+M 6.25E+15 0 69540 
168 CH2O+M=HCO+H+M 4.00E+23 -1.7 91120 
169 CH2O+CH3=CH4+HCO 5.50E+03 2.8 6000 
170 CH2CO+H=CH3+CO 1.10E+13 0 3400 
171 CH2CO+O=HCO+HCO 1.00E+13 0 2400 
172 CH2CO+O=HCCO+OH 5.00E+13 0 8000 
173 CH2CO+OH=HCCO+H2O 1.00E+13 0 2000 
174 CH2CO+H=HCCO+H2 7.50E+13 0 8000 
175 CH2CO+O=CH2+CO2 1.75E+12 0 1350 
176 CH2CO(+M)=CH2+CO(+M) 3.00E+14 0 70980 
  Low pressure limit:          3.60E+15        0.00E+00       5.93E+04 
177 CH2CO+OH=CH3O+CO 6.00E+12 0 -1010 
178 CH2CHO=CH2CO+H 3.09E+15 -0.3 50820 
179 CH2CHO+O2=CH2O+CO+OH 2.00E+13 0 4200 
180 CH2CHO+H=CH2CO+H2 1.00E+13 0 0 
181 CH2CHO+O=CH2O+HCO 9.60E+06 1.8 220 
182 CH2CHO+O=CH2CO+OH 1.00E+13 0 0 
183 CH2CHO+OH=CH2CO+H2O 5.00E+12 0 0 
184 CH2CHO+H=CH3+HCO 2.20E+13 0 0 
185 CH3O+CO=CH3+CO2 1.57E+14 0 11800 
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186 CH3O+M=CH2O+H+M 1.00E+14 0 25000 
187 CH3O+H=CH2O+H2 2.00E+13 0 0 
188 CH3O+OH=CH2O+H2O 1.00E+13 0 0 
189 CH3O+O=CH2O+OH 1.00E+13 0 0 
190 CH3O+O2=CH2O+HO2 1.20E+11 0 2600 
191 CH3O+H=CH3+OH 1.00E+14 0 0 
192 CH3O2+HO2=CH3O2H+O2 4.63E+11 0 -2583 
193 CH3O2+CH4=CH3O2H+CH3 1.81E+11 0 18480 
194 CH3O2+CH3=CH3O+CH3O 2.41E+13 0 0 
195 CH3O2+O=CH3O+O2 3.61E+13 0 0 
196 CH3O2+H=CH3O+OH 9.64E+13 0 0 
197 CH3O2+CH2O=CH3O2H+HCO 1.00E+12 0 11665 
198 CH3O2+C2H6=CH3O2H+C2H5 2.95E+11 0 14944 
199 CH3O2+CH3O2=CH3O+CH3O+O2 2.80E+11 0 -780 
200 CH3O2+H2O2=CH3O2H+HO2 2.40E+12 0 10000 
201 CH3O2+C2H4=C2H3+CH3O2H 7.10E+11 0 17110 
202 CH3O2H=CH3O+OH 3.00E+16 0 42920 
203 CH3O2H+OH=CH3O2+H2O 1.00E+13 0 -258 
204 CH3O2H+O=CH3O2+OH 2.00E+13 0 4750 
205 C2H+O2=HCCO+O 3.00E+13 0 0 
206 C2H+O2=CO+CO+H 1.80E+13 0 0 
207 C2H+O2=HCO+CO 5.00E+13 0 1500 
208 C2H+H2=C2H2+H 4.90E+05 2.5 560 
209 C2H+OH=HCCO+H 2.00E+13 0 0 
210 C2H2+O2=HCO+HCO 4.00E+12 0 28000 
211 C2H2+O=CH2+CO 1.02E+07 2 1900 
212 C2H2+O=HCCO+H 1.35E+07 2 1900 
213 C2H2+O=C2H+OH 4.60E+19 -1.4 28950 
214 C2H2+OH=C2H+H2O 3.37E+07 2 14000 
215 C2H2+C2H=C4H2+H 9.60E+13 0 0 
216 C2H2+HCCO=C3H3+CO 1.00E+11 0 3000 
217 C2H2+C2H=C4H3 4.50E+37 -7.7 7100 
218 C2H2+H+M=C2H3+M 5.54E+12 0 2410 
219 C2H2+OH=CH3+CO 4.83E-04 4 -2000 
220 C2H2+OH=CH2CO+H 3.20E+11 0 200 
221 C2H2+M=C2H+H+M 4.30E+16 0 108000 
222 C2H2+O2=HCCO+OH 1.30E+09 1.6 30100 
223 C2H2+O2=C2H+HO2 1.20E+13 0 34520 
224 C2H2+OH=HCCOH+H 3.20E+11 0 200 
225 C2H2+CH=C3H2+H 1.00E+14 0 0 
226 C2H2+CH3=CH4+C2H 1.80E+11 0 17270 
227 C2H2+C2H2=C4H4 2.51E+12 0 35200 
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228 C2H2+C2H2=C4H2+H2 1.00E+14 0 52200 
229 C2H2+CH2=H+C3H3 1.20E+13 0 6620 
230 C2H3+H=C2H2+H2 4.00E+13 0 0 
231 C2H3+O2=CH2O+HCO 4.00E+12 0 -250 
232 C2H3+OH=C2H2+H2O 3.00E+13 0 0 
233 C2H3+CH2=C2H2+CH3 3.00E+13 0 0 
234 C2H3+HCO=C2H4+CO 6.03E+13 0 0 
235 C2H3+C2H3=C2H2+C2H4 1.45E+13 0 0 
236 C2H3+O=C2H2+OH 1.00E+13 0 0 
237 C2H3=C2H2+H  4.60E+40 -8.8 46200 
238 C2H3+O2=CH2CHO+O 1.24E+14 -0.1 1696 
239 C2H3+O2=C2H2+HO2 1.00E+12 0 0 
240 C2H3+O2=CH2O+CO+H 2.40E+10 0 0 
241 C2H3+O=HCCOH+H 1.00E+14 0 0 
242 C2H3+C2H=C2H2+C2H2 3.00E+13 0 0 
243 C2H3+CH=CH2+C2H2 5.00E+13 0 0 
244 C2H3+CH3=CH4+C2H2 1.00E+13 0 0 
245 C2H3+C2H2=C4H4+H 4.90E+16 -1.1 11800 
246 C2H3+C2H2=C4H5 8.10E+37 -8.1 13400 
247 C2H3+C2H3=C4H5+H 2.40E+20 -2 15361 
248 C2H4+H=C2H3+H2 1.10E+14 0 8500 
249 C2H4+O=CH3+HCO 1.60E+09 1.2 746 
250 C2H4+O=CH2O+CH2 3.00E+04 1.9 180 
251 C2H4+O=CH2CHO+H 3.20E+10 0.6 1370 
252 C2H4+O=C2H3+OH 1.51E+07 1.9 3790 
253 C2H4+OH=CH2O+CH3 6.00E+13 0 960 
254 C2H4+HO2=C2H3+H2O2 7.10E+11 0 17110 
255 C2H4+OH=C2H3+H2O 9.02E+13 0 5955 
256 C2H4+M=C2H3+H+M 2.60E+17 0 96570 
257 C2H4+H=C2H5  2.60E+43 -9.2 52580 
258 C2H4+O2=C2H3+HO2 4.20E+14 0 57590 
259 C2H4+CH3=C2H3+CH4 6.62E+00 3.7 9482 
260 C2H4+CH3(+M)=C3H7(+M) 2.55E+06 1.6 5700 
  Low pressure limit:              3.00E+63    -1.46E+01      1.82E+04 
  TROE centering:        1.89E-01    2.77E+02   8.75E+03    7.89E+03 
  H2 Enhanced by 2.00E+00   
  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 2.00E+00   
  C2H6 Enhanced by 3.00E+00   
261 C2H4+C2H=C4H4+H 1.20E+13 0 0 
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262 C2H4+C2H4=C2H5+C2H3 5.00E+14 0 64700 
263 C2H4(+M)=C2H2+H2(+M) 8.00E+12 0.4 77770 
  Low pressure limit:            1.58E+51      -9.30E+00      9.78E+04 
  TROE centering:      7.35E-01    1.80E+02     1.04E+03    5.42E+03 
  H2 Enhanced by 2.00E+00   
  H2O Enhanced by 6.00E+00   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 2.00E+00   
  CH4 Enhanced by 2.00E+00   
  C2H6 Enhanced by 3.00E+00   
264 C2H5+O2=C2H4+HO2 4.00E+10 0 -2200 
265 C2H5+HO2=C2H4+H2O2 3.00E+11 0 0 
266 C2H6+O2=C2H5+HO2 4.00E+13 0 50900 
  Reverse Arrhenius  coefficients: 3.00E+11 0 0 
267 C2H6+CH3=C2H5+CH4 1.51E-07 6 6047 
  Reverse Arrhenius  coefficients: 9.65E-10 6.6 10220 
268 C2H6+H=C2H5+H2 5.37E+02 3.5 5200 
  Reverse Arrhenius  coefficients: 9.72E+02 3.5 27320 
269 C2H6+OH=C2H5+H2O 5.12E+06 2.1 855 
  Reverse Arrhenius  coefficients: 1.01E+07 2.1 22980 
270 C2H6+O=C2H5+OH 1.13E+14 0 7850 
  Reverse Arrhenius  coefficients: 2.08E+13 0 12720 
271 C2H6+HO2=C2H5+H2O2 1.70E+13 0 20460 
  Reverse Arrhenius  coefficients: 1.07E+11 0.2 7842 
272 C2H6+C2H4=C2H5+C2H5 5.00E+11 0 60000 
  Reverse Arrhenius  coefficients: 5.00E+11 0 0 
273 C2H6+M=C2H5+H+M 8.85E+20 -1.2 102200 
  Reverse Arrhenius  coefficients: 1.15E+13 0.3 -1550 
274 C2H6+CH2=C2H5+CH3 2.20E+13 0 8670 
  Reverse Arrhenius  coefficients: 2.66E+10 0.6 17060 
275 C2H5+O2=CH3+CO+H2O 3.00E+12 0 20660 
276 C2H5+O2=CH3+HCO+OH 3.63E+13 0 37200 
277 C2H5+CH3=CH4+C2H4 1.18E+04 2.5 -2921 
  Reverse Arrhenius  coefficients: 2.39E+06 2.4 66690 
278 C2H5+H=CH3+CH3 9.69E+13 0 220 
  Reverse Arrhenius  coefficients: 2.03E+09 1 10510 
279 C2H5+H=C2H4+H2 2.00E+12 0 0 
  Reverse Arrhenius  coefficients: 4.44E+11 0.4 68070 
280 C2H5+O=CH3+HCO+H 1.10E+14 0 0 
281 A2R5=>12C(S)+4H2 5.00E+03 0 4000 
282 C6H2=>6C(S)+H2 2.00E+04 0 4000 
283 HCCO+H=CH2+CO 1.50E+14 0 0 
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284 HCCO+OH=CO+CO+H2 1.00E+14 0 0 
285 HCCO+O=H+CO+CO 1.00E+14 0 0 
286 HCCO+O2=OH+CO+CO 3.20E+12 0 854 
287 HCCO+CH2=C2H3+CO 3.00E+13 0 0 
288 HCCO+CH3=C2H4+CO 5.00E+13 0 0 
289 HCCO+HCCO=C2H2+CO+CO 1.00E+13 0 0 
290 HCCOH+M=CH2+CO+M 4.00E+15 0 59300 
  H2 Enhanced by 2.40E+00   
  H2O Enhanced by 1.54E+01   
  CH4 Enhanced by 2.00E+00   
  CO Enhanced by 1.75E+00   
  CO2 Enhanced by 3.60E+00   
  C2H6 Enhanced by 3.00E+00   
291 HCCOH+OH=CH2O+HCO 5.00E+12 0 0 
292 HCCOH+H=HCCO+H2 1.80E+14 0 8600 
293 C3H2+O=C2H2+CO 6.80E+13 0 0 
294 C3H2+OH=HCO+C2H2 6.80E+13 0 0 
295 C3H2+O2=HCCO+CO+H 5.00E+13 0 0 
296 C3H2+O2=HCCO+HCO 1.00E+13 0 0 
297 C3H2+HCCO=C4H3+CO 1.00E+13 0 0 
298 C3H2+CH2=C4H3+H 5.00E+13 0 0 
299 C3H2+CH3=C4H4+H 5.00E+12 0 0 
300 C3H3+O=CH2O+C2H 2.00E+13 0 0 
301 C3H3+OH=C3H2+H2O 2.00E+13 0 0 
302 C3H3+CH2=C4H4+H 2.00E+13 0 0 
303 C3H3+C3H3=C6H5+H 2.00E+12 0 0 
304 C3H3+C3H3=A1 2.00E+10 0 0 
305 C4H+H2=H+C4H2 4.90E+05 2.5 560 
306 C4H+C2H2=C6H2+H 4.00E+13 0 0 
307 C4H2+H=C4H3  1.10E+42 -8.7 15300 
308 C4H2+C2H=C6H2+H 1.00E+14 0 0 
309 C4H2=C4H+H  1.00E+15 0 120000 
310 C4H2+OH=C4H+H2O 3.37E+07 2 14000 
311 C4H2+O=C3H2+CO 1.20E+12 0 0 
312 C4H3+H=C2H2+C2H2 6.30E+25 -3.3 10014 
313 C4H3+H=C4H2+H2 1.50E+13 0 0 
314 C4H3+H=C4H4  2.00E+47 -10.3 13070 
315 C4H3+OH=C4H2+H2O 5.00E+12 0 0 
316 C4H3+M=C4H2+H+M 3.16E+15 0 45000 
317 C4H3+C2H2=A1- 1.90E+63 -15.2 30600 
318 C4H3+C2H2=C6H5 3.80E+21 -3.2 6400 
319 C4H3+C4H2=A1C2H- 1.90E+63 -15.2 30600 
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320 C4H4=C4H2+H2 1.02E+13 0 75000 
321 C4H4+H=C4H5  6.20E+45 -10.1 15800 
322 C4H4+H=C4H3+H2 6.65E+05 2.5 12240 
323 C4H4+OH=C4H3+H2O 3.10E+06 2 3430 
324 C4H5+H=C4H4+H2 1.50E+13 0 0 
325 C4H5+OH=C4H4+H2O 2.50E+12 0 0 
326 C4H5+O2=>C2H4+CO+HCO 4.16E+10 0 2500 
327 C4H5+C2H2=A1+H 1.60E+18 -1.9 7400 
328 C6H+H2=H+C6H2 4.90E+05 2.5 560 
329 C6H2=C6H+H  1.00E+15 0 120000 
330 C6H2+OH=C6H+H2O 3.37E+07 2 14000 
331 C6H5+H=C4H4+C2H2 6.30E+25 -3.3 10014 
332 C6H5+O2=>C4H4+CO+HCO 4.16E+10 0 2500 
333 C6H5=A1-  3.50E+46 -10.4 33600 
334 A1+H=A1-+H2  2.59E+14 0 16000 
335 A1+OH=A1-+H2O 1.06E+08 1.4 1450 
336 A1+C2H=A1C2H+H 5.00E+13 0 0 
337 A1-+H=A1  1.00E+14 0 0 
338 A1-+C2H2=A1C2H2 7.90E+29 -5.2 13700 
339 A1-+C2H2=A1C2H+H 2.50E+29 -4.4 26400 
340 A1-+C2H3=A1C2H2+H 9.40E+00 4.1 23234 
341 A1C2H+H=A1C2H2 1.60E+32 -5.7 11090 
342 A1C2H+H=A1C2H-+H2 2.50E+14 0 16000 
343 A1C2H+OH=A1C2H-+H2O 1.60E+08 1.4 1450 
344 A1C2H-+H+M=A1C2H+M 1.00E+14 0 0 
345 A1C2H2+H=A1C2H+H2 1.50E+13 0 0 
346 A1C2H2+OH=A1C2H+H2O 2.50E+12 0 0 
347 A1C2H-+C2H2=A2-1 5.10E+48 -10.5 28000 
348 A1C2H-+C2H2=A1C2H-2+H 2.10E+10 0.8 13700 
349 A1C2H-2+H=A2-1 1.50E+51 -10.8 25500 
350 A1C2H+C2H=A1C2H-2+H 5.00E+13 0 0 
351 A1C2H2+C2H2=A2+H 1.60E+18 -1.9 7400 
352 A2+H=A2-1+H2 2.50E+14 0 16000 
353 A2+OH=A2-1+H2O 1.60E+08 1.4 1450 
354 A2-1+O2=A1C2H+HCO+CO 2.10E+12 0 7470 
355 A2-1+C2H2=A2R5+H 1.10E+07 1.7 3900 
356 A2R5+OH=A2R5-+H2O 1.60E+08 1.4 1450 
357 A2R5+O=>A2-1+HCCO 2.20E+13 0 4530 
358 A2R5+H=A2R5-+H2 2.50E+14 0 16000 
359 A2R5-+O2=>A2-1+CO+CO 2.10E+12 0 7470 
360 A2R5-+H(+M)=A2R5(+M) 1.00E+14 0 0 
  Low pressure limit:            6.60E+75      -1.63E+01      7.00E+03 
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  TROE centering:       1.00E+00    1.00E-01    5.85E+02    6.11E+03 
  H2 Enhanced by 2.00E+00   
  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 2.00E+00   
  C2H6 Enhanced by 3.00E+00   
361 N+NO=N2+O  2.70E+13 0 355 
362 N+O2=NO+O  9.00E+09 1 6500 
363 N+OH=NO+H  3.36E+13 0 385 
364 N2O+O=N2+O2  1.40E+12 0 10810 
365 N2O+O=NO+NO  2.90E+13 0 23150 
366 N2O+H=N2+OH  3.87E+14 0 18880 
367 N2O+OH=N2+HO2 2.00E+12 0 21060 
368 N2O(+M)=N2+O(+M) 7.91E+10 0 56020 
  Low pressure limit:            6.37E+14       0.00E+00      5.66E+04 
  H2 Enhanced by 2.00E+00   
  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  O2 Enhanced by 4.00E-01   
  N2 Enhanced by 4.00E-01   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 2.00E+00   
  C2H6 Enhanced by 3.00E+00   
369 HO2+NO=NO2+OH 2.11E+12 0 -480 
370 NO+O+M=NO2+M 1.06E+20 -1.4 0 
  H2 Enhanced by 2.00E+00   
  H2O Enhanced by 6.00E+00   
  CH4 Enhanced by 2.00E+00   
  O2 Enhanced by 4.00E-01   
  N2 Enhanced by 4.00E-01   
  CO Enhanced by 1.50E+00   
  CO2 Enhanced by 2.00E+00   
  C2H6 Enhanced by 3.00E+00   
371 NO2+O=NO+O2  3.90E+12 0 -240 
372 NO2+H=NO+OH  1.32E+14 0 360 
373 CO+N2O=CO2+N2 5.01E+13 0 44000 
374 CO+NO2=CO2+NO 9.03E+13 0 33800 
375 C2H3CO=C2H3+CO 2.04E+14 -0.4 31450 
376 CH3OCO=CH3O+CO 7.45E+12 -1.8 17150 
  Reverse Arrhenius  coefficients: 1.50E+11 0 3000 
377 CH3OCO=CH3+CO2 1.51E+12 -1.8 13820 
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  Reverse Arrhenius  coefficients: 1.50E+11 0 36730 
378 C2H5CHO=C2H5+HCO 9.85E+18 -0.7 81710 
379 C2H3CHO+OH=C2H3+CO+H2O 9.24E+05 1.5 -962 
380 C2H3CHO+H=C2H3+CO+H2 1.34E+12 0 3300 
381 C2H3CHO+O=C2H3+CO+OH 5.94E+11 0 1868 
382 C2H3CHO+HO2=C2H3+CO+H2O2 3.01E+11 0 11930 
383 C2H3CHO+CH3=C2H3+CO+CH4 2.61E+05 1.8 5911 
384 MD+H=MD6J+H2 1.30E+06 2.4 4471 
385 MD+OH=MD6J+H2O 1.40E+06 1.6 -35 
386 MD+HO2=MD6J+H2O2 1.10E+02 2.5 891.6 
387 MD+O2=MD6J+HO2 4.00E+12 0 40130 
388 MD6J+O2=MD6O2 7.54E+12 0 0 
389 MD6O2=MD6OOH8J 2.00E+10 0 20850 
390 MD6OOH8J+O2=MDKET68+OH 7.54E+12 0 0 
391 MDKET68=OH+C2H5CHO+MS6OXO7J 1.05E+16 0 41600 
392 C6H12-1+MB4J=MD6J 8.80E+03 2.5 6130 
393 C6H12-1=2C3H6 3.98E+12 0 57630 
394 C6H12-1=C3H5+C3H7 2.50E+16 0 71000 
395 MD6J+H=MD  1.00E+14 0 0 
396 MD+O=MD6J+OH 2.97E+05 2.4 2846 
397 MD+C2H3=MD6J+C2H4 4.00E+11 0 16800 
398 ME2J+C8H17-1=MD 8.00E+12 0 0 
399 C2H4+C6H12-1+H=C8H17-1 8.80E+03 2.5 6130 
400 MB4J+C6H12-1+H=MD 8.00E+12 0 0 
401 MD9D6J+H=MD9D 1.00E+14 0 0 
402 MD9D+OH=MD9D6J+H2O 1.87E+08 1.6 -35 
403 MD9D+HO2=MD9D6J+H2O2 3.67E+02 2.5 2972 
404 MD9D+O2=MD9D6J+HO2 4.00E+13 0 50160 
405 MD9D6J+O2=MD9D6O2 7.54E+12 0 0 
406 MD9D6O2=MD9D6OOH8J 7.81E+08 0 16350 




2.10E+12 0 33280 
409 C2H3CHO=C2H3+HCO 2.00E+24 -2.1 103400 
410 C6H10-15+MB4J=MD9D6J 8.80E+03 2.5 6130 
411 C6H10-15=2C3H5 2.50E+16 0 71000 
412 MD9D+O=MD9D6J+OH 5.95E+05 2.4 2846 
413 MD9D+C2H3=MD9D6J+C2H4 4.00E+11 0 16800 
414 MD9D=C2H4+MF5J+C3H5 3.12E+15 0 71000 
415 MD9D6J=C3H5+MS6D 3.31E+13 0 21460 
416 MD9D=C3H6+MS6D 3.98E+12 0 57630 
417 MS6D=C3H5+MB4J 2.50E+16 0 71000 
 209 
 
418 CH2CO+MF5J=MS6OXO7J 1.51E+11 0 4810 
419 MF5J+O2=MF5O2 4.52E+12 0 0 
420 MF5O2=MF5OOH3J 2.50E+10 0 20850 
421 MF5OOH3J+O2=MFKET53+OH 7.54E+12 0 0 
422 MFKET53=OH+CH2CHO+MP3OXO 1.05E+16 0 41600 
423 MP3OXO+OH=CO+ME2J+H2O 2.69E+10 0.8 -340 
424 C2H4+ME2J=MB4J 2.00E+11 0 7600 
425 CH2CO+CH3O=ME2J 5.00E+11 0 -1000 
 
